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Foreword 


An Indo-US Workshop on Diffusion in Solids was held at Bombay during January 
9-12,1984. The Workshop was organised as a part of the activities of the Indo-US Sub- 
Commission on Science and Technology and was sponsored by the Departments of 
Science and Technology and Atomic Energy, Govt, of India, Clemson University, 
South Carolina, U.S.A. and the National Science Foundation, Washington, D.C. 
Some of the papers presented at this Workshop have already been published in the 
inaugural issue of a new journal, “Materials Science Forum”. Of the rest, six are beiag 
carried in the current issue of the Bulletin of Materials Science. 
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Diffusion in metallic glasses 


D AKHTAR*, B CANTOR** and R W CAHN^ 

* Defence Metallurgical Research Laboratory, Hyderabad, India 
*♦ University of Oxford, Oxford, England 
^ Churchill College, Cambridge, England 

Abstract. Rutherford a-particles backscattering technique was employed for measurements 
of diffusion rates in metallic glasses. Effects of relaxation, crystallization and plastic 
deformation on diffusion rates were also investigated. 

It has been observed that the diffusion rates of a metallic solute are of the same orders of 
magnitude fn both metal-metal and metal-metalloid glasses. A higher diffusivity is likely if 
there is a large difference between melting points of the solute and matrix. Relaxation has no 
effect on diffusion, however, diffusivity increases on crystallization. An increase in diffusivity is 
also observed on plastic deformation of metallic glass. 

Keywords. Metallic glass; diffusion; relaxation; crystallization; plastic deformation; activ¬ 
ation energy. 


1.' Introduction 

Ad understanding of crystallization behaviour and various pre-crystallization changes 
in physical and mechanical properties of metallic glasses requires a knowledge of 
diffusion rates in the glassy state. Though a few investigations have been made in this 
direction in the recent years (Gupta et al 1975; Birac and Lesuer 1976; Chen et al 1978; 
Cahn et al 1980; Koster et al 1980; Kijek et al 1980,1982; Valenta et a/1981; Edelin and 
Tete 1981; Baer et a/1981; Luborsky and Bacon 1982), it is diflScult to interpret the data 
because a random group of different diffusing atoms in different glasses have been 
studied. For a meaningful comparison of the data, a systematic study of diffusion of a 
single solute in different glasses and different solutes in a single glass is essential. 
Measured diffusion rates in a metallic glass might depend on the structural state of the 
matrix as well. An investigation on this aspect is also desirable as the structural state of 
the glassy phase could alter by one or more of the various treatments like thermal 
relaxation, crystallization and plastic deformation. 

Extensive investigations of diffusion rates in metallic glasses were therefore 
undertaken at the University of Sussex, England. Solute depth profiles were determined 
by means of backscattering of 2 MeV a-particles obtained from a van de Graff 
accelerator. Aim of the studies was three fold. 

(i) Diffusion of a single metallic solute in different glasses: diffusion rates of Au in two 

metal-metal (NiZr 2 and and two metal-metalloid (Fe 4 oNi 4 oB 2 o and 

Pd 77 . 5 Cu 5 Sii 6 . 5 ) glasses were measured. 

(ii) Diffusion of different solutes in a single metallic glass: diffusion rates of Pb, Pt and 
Au in a NiZr 2 glass were measured. 

(iii) Effect of structural state of the matrix on diffusion rates: measurements were made 
on as-quenched, relaxed, crystallized and plastically deformed glasses. 
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2. Experimeatal 

TTiree alloys (NiZrj, Ni 64 Zr 36 and Pd 77 . 5 Cu 6 Sii 6 .j) were prepared by induction 
melting hi^ purity components over a water cooled silver hearth under a dynamic 
argon atmosphere, and melt-spun into glassy ribbons over a rotating (5000 rpm) 
polished copper wheel (150 mm dia.) using a quartz nozzle (1 nam orifice diameter) and 
an ejection pressure of ~ 12 psi. Fe 4 oNi 4 oB 2 o glass ribbons were obtained from 
Vacuumschmelze, Hanau, Germany (registered trade name Vitrovac E0040). In all 
cases, the thickness of the ribbons was between 30 and 50 fim. At a heating rate of 
10 K min'Nig^Zrje and Pd 77 . 5 Cu 6 Sii 6 .s exhibited glass transition temperatures, Tgf, 
of 823 and 633 K respectively. NiZr^ and Fe 4 oNi 4 oB 2 o> however, did not show any 
glass transition, so Tg was taken as the temperature of onset of crystallization, at 660 
and 673 K, respectively. 

Details of the experimental procedure are given elsewhere (Akhtar et al 1982a). For 
relaxation treatment, the NiZr 2 and Ni 64 Zr 36 glasses were heated for 10 min at 613 and 
773 K, respectively and the Fe 4 oNi 4 oB 2 o and Pd 77 . 5 Cu 6 Sii 6.5 ribbons for 5 min at 658 
and 623 K, respectively. Few NiZr 2 ribbons were partially crystallized by heating for 
10 min at 673 K and a few were partially deformed at room temperature. 

Lower surface (i.e. the surface in contact with the copper wheel during melt-spinning) 
of each ribbon was mechanically polished to 1 /an finish using diamond paste and 
sputter coated with thin (100 A) films of solute elements. Samples were sealed in quartz 
tubes under vacuum and diffusion annealed. It was made sure that the ribbons did not 
crystallize due to diffusion annealing. Diffusion concentration profiles were determined 
by means of backscattering of 2 MeV a-particles obtained from a van de Graff 
accelerator. The incident beam area was 1 mm^ and the total number of incident a- 
particles was 6-25 x 10** in each case. The backscattcred a-particles were detected at an 
angle of 150° with a silicon surface barrier detector. These a-particle pulses were 
amplified and fed through a pulse height analyzer and a PDP 11 computer for on-line 
data analysis. 

3. Results and discussion 

3.1 Analysis of backscattering spectra 

Typical backscattcred energy spectra for Au coated NiZrj, Nig 4 Zr 36 , Fe 4 oNi 4 oB 2 o and 
Pd 77 . 5 Cu 6 Sii 6 .j metallic glass specimens before diffusion annealing are shown in 
figure 1. Different elements are easily identified by their backscattcred energies. B and 
Si which correspond to lower backscattcred energies are excluded in the figure. On 
annealing, Au energy maxima broadens as Au diffuses into the glassy matrix and a 
typical example of broadening is shown in figure 2 for Ni 64 Zr 36 glass. 

A computer programme was formulated to determine the Au concentration profiles 
directly from the backscattcred energy spectra with the help of a PET 2001 computer. 
Details of the analysis are given elsewhere (Akhtar et al 1982a). Estimated Au 
concentration profiles for the observed backscattering spectra of figure 2 are shown in 
figure 3. 

In a thin film solution of the diffusion equation the concentration of the solute at a 
depth X is given by the Gaussian equation (Shewmon 1963), 

C(x) = Co exp (- x^/2b^), 



D^fwion in metallic glasses 


5 



Figure 1. Backscattered a-particle energy spectra from Au coated l.NiZrj 2. Ni**Zr 3 s 
3. Fe*oNi4oB2o and 4. Pd77.jCu4Sii6,5 glasses. 


where b = JlDt is the standard deviation, D is the diffusion coefficient, t is the 
annealing time and Cq the surface solute concentration after time r. For the above 
equation to be applicable for calculation of D, a plot of In C vs should yield a straight 
line. A plot of In C vs for a diffusion annealed specimen of Nig^Zrag is shown in 
figure 4, and in general, the fit to the above equation was reasonable. Diffusion 
coefficients were therefore calculated from 

D = ib^-bl)/2t, 

where ho ^ Jtre standard deviations before arid after diffusion annealing. 

3.2 Diffusion of a solute in different glasses 

Figure 5 shows a plot of log diffusion rate vs inverse temperature for Au diffusion in two 
metal-metal glasses, NiZr 2 and Ni 64 Zr 36 . Figure 6 shows a similar plot for two metal- 
metalloid glasses, Fe4oNi4oB2o and Pd 77 . 5 Cu 6 &i 6 . 5 . It is apparent from the figures 
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Figure 2. Broadening of the Au backscattered energy maximum on diffusion annealing of an 
as-quenched, Au coated Nig^Zra^ glass. 


that the measured diffusion rates obey an Arrhenius relationship in all the alloys. In 
Fe 4 oNuoB 2 o and Pd 77 . 5 Cu 6 Sii 6 . 5 , studied above the glass transition, Tg as well, the 
same Arrhenius relationship is obeyed both below and above Tg. It is also noteworthy 
that the diffusivity at a given temperature is lower in a glass of higher Tg. Average 
activation energies for diffusion in NiZr 2 and Ni 64 Zr 3 e glasses are 1-97 and 1*92 eV, 
respectively, which suggests that the activation energy for diffusion of Au is 
independent of relative proportions of Ni and Zr in NiZr glasses. Activation energies 
in Fe 4 oNi 4 oB 2 o and Pd 77 . 5 Cu 6 Sii 6.5 glasses are 2-07 and 1*80 eV, only slightly higher 
and lower, respectively than in NiZr glasses. This similarity suggests that in metal-metal 
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and raetal-metalloid glasses, diffusion of a metaUic solute occurs by a 
mechanism. ^ 

At least three possible diffusion processes should be considered in a metallic glass- 
ya^cy, cooperative and interstitial mechanisms. Computer modelling studies’ 
( madz^eh and ^tor 1981) indicate that the individual vacancies are not stable in 
metaUic glasses, and hence vacancy diffusion is ruled out. As in crystals, there is a large 
ener^ b^er to prevent a large atom such as Au to remain in an interstitial site. Thus a 
posable diffusion mechanism seems to be a cooperative process and, a correlated jump 
mechanisni has indeed been proposed previously for diffusion of Au in the 
Pd77.sCu6Siifi.5 glass (Chen et al 1978). 

Figure 7 shows our residts plotted against inverse temperature normalised to Tg. For 
^ glasses, which have similar values of Tg 

^3,633 and 660 K, r^p^ely), the diffusivity values are very close and lie almost on 
one Ime- However, diffusmty values for Ni^^Zras (TV ~ 823 K) do not normalise in the 




Diffusion m metallic glasses 


9 



Figure 6. Diffusivities of Au in Pd 77 . 5 Cu 6 Sii «.5 (squares) and Fe 4 oNi 4 .oB 2 o (circles) glasses 
along with Chen et al’s (1978) data (triangles with dashed lines) for the Pd 77 . 5 Cu«Siiglass. 
Open and filled data points for as-quenched and relaxed glasses respectively. 


same way. At a given fraction of Tg, the difFusivity of Au is higher for this glass, with a 
higher Tg. Similar behaviour has also been observed (Kijek et al 1982) in a NiNb glass 
with high Tg. 

For diffusion of metalloid in these glasses, the only available data of Cahn etal(l 980) 
for diffusion of B in Fe 4 oNi 4 oB 2 o are included in figure 7 and it is apparent that the 
small atom, B, does indeed diffuse faster than the large atom, Au in the same glass at the 
same temperatures. 

3.3 Diffusion of different solutes in a glass 

JVleasured diffusion rates of Pb, Pt and Au in NiZr 2 glass are plotted in figure 8. It is 
atpparent that Arrhenius relationship is valid for diffusion of Pb and Pt also. Average 
activation energies for diffusion of Pb, Pt and Au are 2-72, 2-43 and 1-97 eV, 
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Figure 7. DifTusivities of Au vs normalized inverse temperature, together with Cahn et afs 
(1980) data for B in Fe 4 oNi 4 oB 2 o- Open and filled data points for as-quenched and relaxed 
glasses respectively. 

respectively. It should be noted that both the diffusivities and the activation energies 
iecrease in the same order Pb to Pt to Au. 

At first sight, a high difiusivity of Pb would seem rather surprising since the atomic 
size of Pb is larger than that of Pt or Au. Even in crystalline metals, correlations 
between the characteristics of solutes diffusing in a matrix and the rates of diffusion are 
not well understood. In general, the more dissimilar the solute and the matrix, faster is 
the rate of diffusion (Le Claire 1949). This similarity may be described in terms of 
:rystal structure, atomic sizes, melting points and electronic configurations of the pure 
jolutes and matrix materials. The melting point of crystalline NiZr 2 is 1140°C, Au melts 
It 1064®C, Pt at 1772®C and Pb at 327°C (Hansen and Anderko 1958). Thus the 
ibsolute difference in melting points between solute and matrix increases in the order 
Vu, Pt, Pb and the solute diffusivities increase in the same order. Our results are 
herefore qualitatively in agreement with earlier suggestions (Le Claire 1949) for 
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Figure 8. Dilfusivities of Pb (circlesX Pt (squares) and Au (triangles) in NiZr 2 glass. Open 
and filled data points are for as-quenched and relaxed glass respectively. Diffusivity of Pt in 
partially crystallized NiZrj is shown by a cross. 

crystalline alloys that a high diffusion rate is likely when there is a large difference 
between the solute and matrix melting points. 

3.4 Effect of structural state of the matrix 

3.4a Relaxation: All measurements were made on two sets of samples (i) as-quenched 
and (ii) thermally relaxed. These measurements are presented by open and filled data 
points, respectively in figures 5-8. It is clear from these figures that the relaxation 
treatment used in the present experiment had no significant effect on the measured 
diffusion rates and activation energies of diffusion. Our observations are in agreement 
with previous measurements by Kejek et al (1982) on metal-metal glasses and by 
Luborsky and Bacon (1982) on met^-metalloid glasses. 

The only previous measurement of diffusion of the solutes in the glasses investigated 
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Figore 9. Diffusivities of Au in as-quenched and deformed NiZr 2 glasses. 


re is due to Chen et al (1978) for diffusion of Au in Pd 77 . 5 Cu 6 Sii 6.5 glass and their 
ta has been included in figure 6. Though the relaxation treatment, temperature of 
sasurements and measured values of Tg were same for the Pd 77 . 5 Cu 6 Sii 5.5 glass in 
5 two sets of experiments, our measurements are different from those of Chen et al 
)78) who observed significantly higher diffusivity and lower activation energy in as- 
enchcd glass £is compared with relaxed glass. Possible reasons for these discrepancies 
5 discussed elsewhere (Akhtar et a/ 1982a) and may be an anomalous effect caused by 
en et aPs (1978) experimental technique. 


b Crystallization: Crystallized ribbons were brittle and hence not very suitable for 
idling during backscattering experiment. Only one measurement could therefore be 
formed for diffusion of Pt in partially crystallized NiZr 2 , which is shown by a cross 
igure 8. It appears that the diffusion rate of Pt in glassy NiZr 2 increases when the 
5S is partially crystallized. This observation is in agreement with Chen et aPs (1978) 
diffusion measurements in glassy Pd 77 . 5 Cu 6 Siie. 5 . 
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3.4c Plastic deformation: Figure 9 shows the observed diflfusion rates of Au in as- 
quenched and deformed NiZr 2 glass. Though the difference is not large, a systematic 
higher diffusivity at all temperatures is observed in deformed samples. This observation 
suggests that diffusion rate is enhanced on deformation. Pratten (1980) observed a 
decrease in density on deformation of a Pd 77 . 5 Cu 5 Sii 6.5 glass and attributed it to 
increased free volume associated with the formation of shear bands. Our observation of 
enhanced Au diffusivity after deformation may be explained by the same deformation 
induced increase in free volume. 

4. CoHchisioiis 

Diffusion rates of Au in NiZr 2 , Ni 64 Zr 36 , Fe4oNi4oB2o and Pd 77 . 5 Cu 6 Sii 6.5 glasses 
obey an Arrhenius relationship. Our observations suggest that Au diffusion rates are of 
the same orders of magnitude in both metal-metal and metal-metalloid glasses. At a 
given temperature, Au diffusion rate is lower in a glass of higher Tg. 

Diffusion rates and activation energies of diffusion for Pb, Pt and Au in NiZr 2 glass 
decrease in the order Pb, Pt, Au. This observation suggests that a higher diffusion rate is 
likely when there is large difference is melting points of solute and matrix. 

Relaxation has no significant effect on measured diffusion rates. Partial crystalliz¬ 
ation of the glass increases the solute diffusivity considerably and higher diffusion rates 
are also observed after deformation of the glass. 
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Self diffusion studies on cobalt thin films 


J J B PRASAD and K V REDDY 

Department of Physics, Indian Institute of Technology, Madras 600036, India 
MS received 6 November 1984 

Abstract. The study of lateral diffusion in thin metallic films is important from the 
application point of view, especially in electromigration reliability studies. Lateral self 
diffusion in cobalt thin films is studied using a non-destructive tracer scanning method. 
Neutron irradiation is employed to make a well-defined radioactive (®®Co) region in the 
middle of a continuous cobalt thin film stripe of width 3 mm. The experimental data are fitted 
to the appropriate solution of the diffusion equations by means of a non-linear least square 
fitting procedure using a computer. The diffusion experiments are conducted in the 
temperature range 30(>-600°C in argon atmosphere. This thin film data are comp^ed with the 
diffusion data available on bulk cobalt. The activation energy for surface diffusion obtained 
(0-14 eV) is very much smaller than the reported activation energy for grain boundary diffusion 
in cobalt. 

Keywords. Cobalt; thin films; surface diffusion. 


1. Introduction 

With the increasing utility of thin films for various applications such as solar cells, strain 
gauges, semiconductor devices etc., their studies have acquired momentum in recent 
years. Diffusion studies in thin films are important to the device engineers due to its 
dominant role played in determining the reliability of the metallization in planar 
semiconductor devices. In some of the failure modes such as electromigration, 
thermomigration etc., the parameters like effective charge are controlled by the 
diffusion processes. From the fundamental point of view also, these studies are 
interesting because the mechanism of diffusion here is different from that of the bulk 
materials and depends on the way in which the sample is prepared. 

The diffusion data available on thin films are meagre compared to the data on bulk 
polycrystalline and single crystal materials. One of the reasons for this is probably the 
lack of proper experimental technique for these studies. The methods that are adopted 
in bulk samples such as microtoming, grinding etc., cannot be used in the case of thin 
films. Impurity diffusion in thin film couples has been studied in recent years using 
sputter ion mass spectrometry (McHugh 1975), Auger electron spectroscopy (Chang 
and Quintana 1976), electron probe micro analysis (Ho and Howard 1975) etc. Most of 
these studies are normal diffusion studies. Self diffusion in gold thin films in the normal 
direction has been studied by Gupta and Asai (1974) using tracers and r-/ sputtering 
method. Beniere et al (1978) have used a sectioning technique to determine lateral 
diffusion of copper in aluminium thin films using tracers. The present authors have 
developed a non-destructive tracer scanning technique to study diffusion and 
electromigration in thin films and this has been used in indium thin films also (Prasad 
and Reddy 1983a). In this paper the results on lateral self diffusion studies in cobalt thin 
films using the neutron activation-tracer scanning (nats) method are reported. 
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Vacuum deposited polycrystalline thin films consist of regions with high density of 
efects such as grain boundaries, surfaces etc. in addition to the point defects inside the 
rain. These extended defects provide fast and efficient short circuiting ptiths for mass 
ransport. They can be classified as grain boundary diflusion and surface diflusion. 
>iffusion along grain boundaries in polycrystalline thin films is several orders of 
lagnitude more rapid than the lattice diffusion due to point defects. In most of the 
irlier studies on diffusion in thin films (Sun and Ohring 1976; Reddy ct al 1979; Prasad 
nd Reddy 1983a) this mechanism is observed on comparing the bulk and thin film 
ata. Diffusion due to surfaces is also possible in thin metallic films. Heie dilfusitm of 
toms can take place along external and internal surfaces. The rate of dilfusii>n is faster 
1 surface diffusion since the activation energy required is very low. This type of mass 
ansport is observed (Van Gurp 1976) by indirect means in the case of cobalt films by 
bserving grain boundary grooving and thermal faceting. No systematic study has been 
ade to confirm the surface mechanism of mass transport in any material in the thin 
m form. 


Experknenta] 

iteral self diffusion in cobalt thin films is studied using nais method. The shape i»f the 
perimental samples used in this study is shown in figure la. Samples are prepared in 
'O stages. In the first stage 99-999 pure cobalt is evaporated using a .3 k W elect ron gun 
a vacuum coating unit at (1-5) x 10' * torr over an area of 3 x 1 mm. the thickness 
ang 0-0001 mm. Oxidised silicon single crystal wafers (250/i thick) are used a.s 
bstrates which are heated to 250''C during evaporation to get good adhesion and 
itter films. 



-*■ diagram of the experimenttl sample used for diffusion studies 

Sh^ed region con^s radioactive cobalt; continuous stripe pattern is ordinary cobsdt film! 
^ ^loacuve cobalt concentration profile of the sample before diffusion an^g; 

c. snape oi the tracer profile after diffusion annealiiig. 
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Samples containing the cobalt films were irradiated in cirus reactor at barc, Bomb^ 
with thermal neutrons. Neutron flux employed is 10^ ^ neutrons/cm^ sec and the period 
of irradiation was one week. On neutron irradiation ^^Co captures a neutron to form 
radioactive ®°Co isotope with a half-life of 5*27 years. The fraction of ^®Co radioactive 
isotope formed after thermal neutron irradiation in the present study is estimated to be 
6 ppm. The background activity due to silicon substrates decays to negligible level after 
storing the samples for 2-3 days after irradiation. 

Continuous cobalt thin film strips (10 x 3 x 0*0004 mm) is then evaporated on to the 
radioactive cobalt regions (figure la). Metal contact masks made by photolithography 
are used for obtaining samples of well-defined edges. 

Diffusion experiments were conducted in argon atmosphere. Samples were intro¬ 
duced into a quartz tube which was evacuated and filled with argon at 1 /3 atm. 
pressure. This tube was introduced into a furnace, the temperature of which was 
controlled within ± 0*5°C. Diffusion experiments were conducted in the temperature 
range 300-600°C. 

Radioactive cobalt concentration profiles in the experimental samples were obtained 
by a tracer scanning method. The details of this technique are mentioned in detail 
elsewhere (Prasad and Reddy 1983a). Here the samples were moved horizontally by 
means of a precision micrometer arrangement in steps of 50 pi and the radioactivity at 
each position was recorded through an adjustable slit. The width of the slit employed in 
this case was 50// and p rays were detected by means of a plastic scintillator and a single 
channel analyser assembly. Tracer concentration at each position was plotted as a 
function of distance and the shape of the profile before and after diffusion is shown in 
figures lb and Ic respectively. 


3. Results 


In figure lb, the solid line represents the shape of the profile in the ideal case when 
viewed through a slit of infinitely small width. The dotted profile represents the 
practical profile when scanned through a slit of finite width. The initial slope is due to 
the finite width of the slit. For the ideal profile, the concentration after diffusion is given 
by 



0 ) 


where C{x, t) is the concentration at a distance x: from the centre of a region of initial 
width 2h after annealing for time t and Cq is the concentration at x = 0; D is diffusion 
coefficient. Corresponding to the practical profile (shown in dotted lines) the 
experimentally observed tracer concentration C'(x, f) after diffusion can be obtained 
from the above equation as 




x + w/2 


C(x,0clx, 


x-w/2 


where w is the slit width. On substituting C(x, f) from (1) 
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The value of the diffusion coefficient D is obtained by fitting the experimental data to 
the above equation numerically. Non-linear least squares method is employed for 
fitting using a computer. The corrections due to statistical errors in the radioactive 
counting while recording the data are also incorporated in the programme. The best 
fitted values are taken as the D values at the respective temperatures. 

Diffusion experiments are conducted on cobalt thin films in the temperature range 
300-600°C. Figure 2 shows the lateral self diffusion profile of a cobalt thin film sample 
annealed for 72 hr at 400°C. The D value at this temperature is 448 x 10" cm^/sec. 
The results obtained are given in table 1. The experimental data on lateral self diffusion 
coefficients in cobalt thin films are found to obey the Arrhenius law. The data could be 



Figure 2. Lateral self diffusion profile of a cobalt thin film sample annealed at 400°C for 72 hr. 
Circles represent experimental points and continuous line represents fitted profile. 


Table 1, Experimental results on lateral self diffusion in cobalt thin fiimc 


Temperature 

(°C) 

Time of anneal 
(hr) 

Diffusion 
coefficient x 10”^® 
(cm^/scc) 

300 

126 

3-74 

400 

72 

4*48 

500 

no 

5*39 

550 

no 

6.85 

600 

70 

8-74 




Diffusion in cobalt 


If 



Fignre 3. Airbenius plot of the diffusion data in cobalt. 1. Present data on thin film< 
2. Hirano et al (1962) data on bulk cobalt 3. Bussmann et al (1979) data on high purity bulk 
cobalt. 


fitted to a single straight line satisfying the equation 

D = [0-48 + 004] X 10-» exp[(0-14 ± 0-008) eV/kT^ cm^/sec. (4] 

The Arrhenius plot along with available bulk data is given in figure 3. Error calculations 
in pre-exponential factor and activation energy values include the errors in the diffusion 
profile measurement and the accuracy of the fitting procedure. 

4. Discussion 

Self diffusion experiments were done extensively on bulk cobalt by various researchers 
using tracer techniques (Ruder and Birchenall 1951; Nix and Jan Mott 1951; Mead and 
Birchenall 1955; Lange et al 1962; Hirano et al 1962; Bussmann et al 1979). All these 
studies were made at higher temperatures mostly near the melting point of cobalt. 
Microtoming and r -f sputtering methods were employed for sectioning. Hirano et al 
(1962) reported pre-exponential factor (Do) and activation energy (£) values as 




20 


J J B Prasad and K V Reddy 


0*5 cm^/sec and 2-84 eV respectively in the temperature range 772-1048°C. Bussmann 
et al (1979) made self diffusion studies on high purity cobalt in the temperature range 
623-1472°C. Here again radioactive tracers were employed. The values of Dq and E are 
0*55 cm^/sec and 2*99 eV respectively. Vacancy mechanism of diffusion was concluded 
from the experimental data. Gleiter and Chalmers (1972) in their review on grain 
boundary diffusion in solids reported the activation energy and preexponential factor 
for grain boundary diffusion in bulk cobalt as 1*68 eV and 4 cm^/sec respectively. 

No other experimental data are available on cobalt thin films to compare our data on 
lateral self diffusion. In figure 3, our data are compared with the bulk data of Hirano et 
al (1962) and Bussmann etal{\ 979). It is clear that our values of Dq and E are very much 
smaller compared to the bulk data. The values are smaller than the grain boundary 
diffusion data, indicating a possible surface diffusion in cobalt thin films. 

Van Gurp (1976) studied the electromigration in cobalt thin films using indirect 
methods such as resistance monitoring and electron microscope observations. Grain 
boundary grooving and thermal faceting of the surfaces are observed in this study in the 
temperature range 400-615°C. The main reason for this is attributed to the possible 
surface diffusion in cobalt thin films. These observations lend further support to our 
contention-namely surface diffusion occurs in cobalt thin films. 

The present authors (Prasad and Reddy 1983b) had also studied electromigration in 
cobalt thin films by a direct method using radioactive tracer ®°Co and concluded that 
the effective charge Z* is independent of temperature. This was attributed to surface 
diffusion. From the above it could be concluded that surface diffusion is the dominant 
mechanism. 
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X-ray diffraction study of cation interdiffusion in mixed 
UO2-PUO2 compacts 

RAVI VERMA and P R ROY 

Radiometallurgy Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Abstract. Cation interdiffusion kinetics in mixed oxide (UO 2 + PUO 2 ) compacts is studied 
using x-ray powder diffraction technique. A profile deconvolution method based on Fourier 
analysis is developed and used to characterise the degree of homogenisation in the sintered 
compacts. A concentric core-shell diffusion model in which UO 2 constitutes a solute core 
enveloped by PUO 2 , acting as solvent, is adopted. The radial diffusion equation is solved for 
appropriate boundary conditions to yield a relationship between the annealing time and the 
degree of homogenisation. This relationship is used to estimate the interdiffusion coefficients 
at various temperatures. 

Keywords. Homogenisation; cation interdiffusion; UO 2 -PUO 2 ; powder compacts; x-ray 
diffraction. 


1. Introduction 

In the production of (U, Pu)02 fuel for nuclear reactors, a knowledge of cation 
interdiffusion in UO 2 -PUO 2 system is required to predict metal atom homogenisation 
during the sintering of the fuel compacts. Although a large amount of cation diffusion 
data is reported (Marin and Contamin 1968; Matzke 1968; Belle 1969), there is no 
general agreement amongst the various sets of data. The reasons for this disagreement 
are: experimental limitations of the methods employed, contribution of grain boundary 
diffusion to the measured diffusion coefficients (Alcock et al 1966; Theisen and Vollath 
1967) and the effect of impurities and non-stoichiometry on the cation diffusivity 
(Lidiard 1966; Matzke 1966). It is realised that one needs to generate ones own data 
typical of the conditions of fuel production and the state of the starting UO 2 and PUO 2 
powders. 

This paper presents an x-ray line profile analysis method of quantifying in¬ 
homogeneity in sintered UO 2 -PUO 2 compacts. The method is used to study cation 
interdiffusion kinetics in these compacts. 

2. Experimeiilal 

Characteristics of the UO 2 and the PUO 2 powders used are given in table 1. The two 
powders were mixed in equal proportions by weight, blended for 2 hr in a planetary ball 
mill, granulated and compacted into pellets at 150 MPa. The pellets were sintered at 
1573, 1673, 1773, 1823 and 1873K, for various time durations in an atomsphere of 
Ar-8 % H 2 . Prior to recording x-ray diffraction patterns, the O/M ratios of the sintered 
pellets were adjusted to 2-00 by equilibrating the pellets in a suitable oxygen potential 
(McNeilly and Chickalla 1971). This was done to eliminate x-ray lines broadening due 
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Table 1. Characteristics of starting powders. 




Particle 

Apparent 

Tap 

Total 


Surface area 

size 

density 

density 

impurity 

Material 

(mVg) 

(m) 

(s/ec) 

(g/cc) 

(ppm) 

UO 2 

3-0 

2*3 

1-56 

2-59 

<500 

PuOi 

13-6 

3*2 

2-31 

304 

<2000 


to any oxygen inhomogeneity in the sintered pellets (Ravi Verma et al 1977). The 311 
profiles of all the O/M adjusted pellets were recorded at a scanning speed of 1 / 8 ° in 
20/min using CuKa radiation. 


3. Mixed-composition fraction analysis 

A sintered U 02 “Pu 02 mixed compact normally comprises a range of mixed 
compositions between UO 2 and PUO 2 . X-ray line profiles recorded from such a 
material are broadened on account of the above referred inhomogeneity. A broad line 
profile, infact, can be imagined to consist of a band of closely spaced ‘normal’ 
(unbroadened) Bragg lines, one each from the series of mixed compositions present in 
the compact. Since a Bragg line has a finite instrumental broadening the lines in the 
band severely overlap each other, and consequently the individual line intensities 
cannot be read from the experimental line profile. If the experimental profile can be 
corrected for the instrumental broadening, the x-ray intensities diffract^ by different 
mixed compositions will get confined to delta functions at the respective Bragg angle 
positions, and the individual intensity contributions of the various mixed compositions 
will be separately known. 

3.1 Instrumental broadening correction 

A 311 profile obtained from a mixed compact (UO 2 - 5 O % PUO 2 ) sintered at 1773 K for 
2 hr was chosen for the analysis. Stokes method (1948) of profile deconvolution was 
used to correct the experimental profile for the instrumental broadening. A 311 profile 
recorded from a well annealed UO 2 compact was chosen to represent the instrumental 
broadening for this purpose. The intensity values at constant 26 intervals were 
measured in both the profiles so as to represent the profiles in terms of about 200 
discrete data points. The data were used to compute the Fourier coefficients of the two 
profiles, from which the Fourier coefficients for the ‘pure’ diffraction profile were 
computed. The ‘pure’ diffraction profile was then synthesized by inverse Fourier 
transformation. Since only a limited number of terms of the infinite Fourier series could 
be included in the computation, the profile was computed by terminating the series 
tentatively at n = 50. Tlie detailed analytical procedure is presented elsewhere (Ravi 
Verma 1983). The synthesized ‘pure’ diffraction profile showed anomalous oscillations, 
not related to inhomogeneity. This was inspite of the care taken in the recording of the 
profile tails and smoothing out the noise in the recorded profile—the recognised 
sources of errors (Young et al 1967; Wilson 1969; Brigham 1974; Delhez and 
Mittemeijer 1975). It was realised (Ravi Verma 1983) that these oscillations are a result 
of errors in the higher order Fourier coeflBcients of the ‘pure’ diffraction profile, and 
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that these errors are inherent in the process of computing the Fourier coefficients. These 
oscillations can be minimized by proper optimization of the termination of the Fourier 
series. In the present analysis, truncation of series at the harmonic number n = 25 gave 
an almost oscillation free ‘pure’ diffraction profile of the mixed oxide. 


3.2 Determination of mixed composition fractions 


In the pure diffraction profile, x-ray intensities from different mixed compositions are 
confined to their respective Bragg angle positions only. An element of area between the 
ordinates at 26 and 20 + A(20) gives the intensity diffracted by only that mixed 
composition fraction whose Bragg angle is 26, Thus, the intensity contributions of 
various mixed composition fractions are distinctly known. 

The x-ray intensity diffracted by a mixed composition depends on its crystal 
structure factor and volume fraction in the sample. In the system under study, the 
crystal structure factor can be regarded as constant for all the mixed compositions as 
the components UO 2 and PUO 2 and the series of solid solutions they form, have the 
same CaF 2 type crystal structure. Moreover there is very little difference in their lattice 
parameters = 5470 A, = 5-396 A) (Mulford and Ellinger 1958) and the 
x-ray scattering factors of U and Pu atoms are nearly equal (International tables for 
x-ray crystallography 1974). Thus in the present case the x-ray intensity diffracted by a 
particular mixed composition is simply proportional to its volume fraction in the 
sample. 

Now, if the 26 scale of the ‘pure’ diffraction profile is changed to a crystal 
composition scale and the profile is normalised such that its area equals unity (unit 
volume), the profile will represent the mixed-composition fraction distribution of the 
mixed oxide sample. 

Using Vegards’ law (which is obeyed by UO 2 -PUO 2 system if the stoichiometry is 
maintained) (Mulford and Ellinger 1958) and Bragg equation for cubic structure, it can 
be shown that the composition C (expressed in mole fraction PUO 2 ) of the mixed oxide 
is given by 

where the symbols have the usual meaning. Equation (1) can be used to change the 26 
scale of the profile to a PUO 2 concentration scale. However, since the possibility of a 
constant error (shift) in the 26 scale of the diffractometer trace is not ruled out, only a 
differential relationship 


AC- 


COS0 




( 2 ) 


is relied upon. In order to draw an absolute PUO 2 concentration scale, the PUO 2 
concentration must be known at least at one point on the scale. Use is made of the fact 
that weighted average PUO 2 concentration of all the mixed compositions in the sample 
must coincide with the overall PUO 2 concentration in the sample, i.e. 50 % PUO 2 . With 
this known concentration at the profile CG as reference an absolute PUO 2 concentra¬ 
tion scale was drawn, using (2). The profile was normalised such that the area under the 
profile was unity. Figure 1 shows the normalised ‘pure’ diffraction profile which 
represents the mixed composition fraction distribution of the mixed oxide. 



24 


Ravi Verma and P R Roy 



Figure 1. Mixed crystal fraction distribution in 
(U02-30% PUO 2 ) conoipact sintered at 1773 K 
for 2 hr. 


4. HomogeiiisatioB 

4.1 Observations and phenomenology 

The progress of homogenisation in mixed compacts is followed by observing the 
merger of x-ray diffraction line profiles of the component phases. In figure (2X 311 profiles 
of some selected mixed oxide samples arc shown. To begin with, two distinct peaks 
(figure 2a) corresponding to nearly pure UO 2 and PUO 2 phases are observed. As the 
temperature and/or time of sintering arc increased, the PUO 2 based peak progressively 
increases in intensity and moves towards the UO 2 peak, while the latter decreases in 
intensity and remains nearly stationary. The process continues till the PUO 2 based peak 
acquires an intensity equal to the sum of the intensities of pure UO 2 and pure PUO 2 
peaks, and the UO 2 peak vanishes (figure 2f). This final peak shows a well resolved 
K.ai-KflC 2 doublet indicating that the homogenisation is practically complete (Ravi 
Verma et al 1977). This final peak is positioned mid-way between the pure UO 2 and the 
pure PUO 2 peak positions, implying thereby that the solid solution has acquired the 
nominal composition (Uo. 5 Puo. 5 ) 02 . 

It follows from the above observations that the homogenisation in mixed compacts 
mainly proceeds by the assimilation of UO 2 into the bulk of PUO 2 . As a consequence, 
PUO 2 loses its purity very rapidly, while the undissolved UO 2 at any instant is nearly 
pure. The process of homogenisation reaches completion when the UO 2 is fully 
consumed and the PUO 2 based solid solution acquires the average pellet composition. 

4.2 Quantification 

The 311 reflection profiles of all the samples were aniUysed for mixed-crystal-fractions 
by the method described in §3. The mixed crystal fraction distributions of some 
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Figure 2. 311 reflection profiles of some sintered mixed UO 2 -PUO 2 compacts. 


selected samples are shown in figure 3. The anomalous oscillations observed in the 
mixed crystal fraction distribution corresponding to 1873 K-8 hr are typical of a profile 
obtained by summation of truncated Fourier series. The amplitude of oscillations is 
high in case of sharp distribution function. The oscillations have no significance in 
terms of the sample inhomogeneity. 

The observations made in the preceding section suggest that homogenisation 
attained in the UO 2 -PUO 2 mixed compact can be conveniently expressed in terms of 
the amount of UO 2 that has been assimilated in PUO 2 . A complimentary quantity, the 
amount of UO 2 that remains to be assimilated can be obtained from the mixed crystal 
distributions of the compacts (figure 3) simply by measuring the area on the UO 2 side 
of the vertical line through the shallowest point between the two maxima in the 
distribution. This quantity is plotted against sintering time for different sintering 
temperatures in figure 4. A corresponding homogenisation scale is also drawn in the 
figure. The plots show an exponential decrease in the amount of UO 2 with increasing 
time of sintering at a given sintering temperature. The plots have been redrawn in 
figure 5 with a logarithmic scale replacing the linear UO 2 scale. The data points lie more 
or less along straight lines. 

5. laterdiffusioB model 

Homogenisation in mixed UO 2 -PUO 2 compacts is a consequence of cation interdiffu- 
sion between UO 2 and PUO 2 . Based on our observations, it is postulated that the 
cation fliu from UO 2 grain to PUO 2 grain is much larger than that from PUO 2 grain tc 
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Figure 4. Amount of undissolved UO 2 as a function of time at different annealing 
temperatures. 
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UO 2 grain, and this gives rise to a net transport of atoms from UOj to PuOj. The 
puOj grains grow at the cost of the UO 2 grains, pushing the UO 2 grain boundaries 
inwards akin to Kirkendall effect. Eventually the diminishing UO 2 grains are 
surrounded by a matrix of PUO 2 based solid solution. Bataller et al (1967), in fact, 
observed islands of UOj in a homogeneous (U, Pu)02 matrix. Theisen and Vollath 
(1967) observed that prior to appreciable homogenisation of the mixed compact, PUO 2 
envelops UO 2 grains. 

The above diffusion configuration was idealised to a concentric core-shell model in 
vvhich a solute (UO 2 ) core is surrounded by a solvent (PUO 2 ) shell. A radial diffusion 
equation was solved on the lines of Barter’s (1951) solution for diffusion out of a sphere 
of constant radius containing solute at uniform initial concentration (Ravi Verma 
1 979). The following equation was derived: 


D = 




( 3 ) 


where D is the chemical diffusion coeflScient, a die average UO 2 particle radius, t the 
time of annealing of the mixed compact and C/Co the fraction of UOj remaining 
lindissolved. 


Results and discussion 


To calculate D from (3), the time required to obtain a specified level of homogenisation 
should be known. The time durations required at different annealing temperatures to 
^tain a dissolution of 90% UO 2 into PUO 2 i.e. 10% of UO 2 remaining undissolved 
{C/Cq = 01) were obtained from the plots in figure 5. The data were used in (3) to 
C3.1culate the diffusion coefficients. The Arrhenius dependence of diffusivity on 
temperature is plotted in figure 6. The data points, excepting one, fall on a straight line. 
The slope of the line gives an activation energy for cation interdiffusion of 222 kJ/mol. 
The temperature dq>endence of diffusivity is given by 

D = 2-55 X 10”“ exp (-2-22 x 10V8-31 T) m^/sec. 

The diffusivity data obtained above along with the various data on cation diffusion in 
l-JOj and (U, Pu)02 reported in literature are also plotted in figure 6. Agreement 
ajiiongst the various sets of data is very poor. The data points belonging to this work lie 
in the middle of the broad band formed by the scatter in the reported data. 

The Arrhenius plot in figure 6 fits all the data points very well, except for the one 
corresponding to 1673 K. The accuracy of this data point, however, cannot be doubted, 
since like otlwr data points it has been derived from a straight line plot well fitted 
through four experimental values (figure 5). It is seen that the plots in figure 5 are not 
t^iformly spaced; there is a large gap between the 1673 and 1773 K plots. It suggests 
that there is, in fact, a discontinuity in the diffusivity plot at some temperature between 
1 ^73 and 1773 K. The aj^arent discontinuity in the diffusivity plot between 1673 and 
1773 K needs closer examination. 

7. CondHtoos 

®E-inetic8 erf'cation interdiffusion can be studied using x-ray line profile analysis naethod 
^ dete^tnistog vainow mixed composition fractions in sintered mixed ctmipaets. 
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Figure 6. Comparison of various cation diffusion data in UO 2 , PUO 2 and (U, Pu)02^*; 
(1) Matzke and Lambert 1973, (2) Theisen and Vollath 1967, (3) Linder et al 1967, (4) Linder 
and Schmitz 1961, (5) Riemer and Scherff 1971 and (6) Schmitz and Linder 1965. 


The cation diffusivity in the temperature range studied is given by: 

D = 2*55 X 10"^^ exp ( — 2*22 x 10^/8*31 r)m^/sec. 
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A computer simulation of LiKS 04 

S L CHAPLOT and K R RAO 

Nuclear Physics Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Abstract. Molecular-dynamics computer-simulation of an ionic molecular solid LiKSO^ 
has been carried out at 300 and 1000 K using the atom-atom potentials obtained from lattice 
dynamical studies. We observe hopping of lithium ions to interstitial positions which is related 
to reorientations of sulphate tetrahedra. 

Keywords. Molecular dynamics; computer simulation; lattice dynamics; diffusion; reorien¬ 
tation; LiKS 04 ; superionic conductor. 

1. Introduction 

Lithium potassium sulphate is known to undergo a superionic conducting phase 
transition at Tc 700 K when the conductivity increases by an order of magnitude 
(Ando 1962). This is likely to be due to diffusion of the vacancies and interstitials of 
lithium ions because of the small size of these ions. It is also possible that the rotational 
diffusion or reorientation of sulphate radicals plays an important role in helping 
lithium diffusion. Recently, the phase transition at 700 K has been studied by Raman 
scattering (Bansal et al 1983) and abrupt changes in frequencies and line-widths of 
phonons have been observed at the transition. 

Molecular-dynamics computer-simulation appears to be the most appropriate 
technique to study such complex dynamical phenomena (Chaplot 1983). In this 
technique (Rao and Chaplot 1979) one simulates the system by setting up in a computer 
a macrocell of a number of formula units (of LiKS 04 ) and applying the periodic 
boundary conditions around the macrocell. The dynamics of the system is then studied 
by solving the Newton-Euler equations of motion. The dynamics is studied for a long 
enough time by dividing the total time interval into a number of small time steps, each 
time step being sufficiently small as determined by the nature of dynamics. Some details 
of the simulation technique for an ionic molecular solid are given in §2. 

The essential input for the computer simulation is a suitable potential function to 
represent the interatomic interactions. We have recently obtained a potential function 
for LiKS 04 by lattice dynamical studies on this system in the room temperature and 
low temperature phases (Chaplot et al 1984). The suitability of this potential function is 
discussed in §3. 

We have carried out the simulation studies on LiKS 04 at 300 K and 1000 K. Limited 
results available so far are described in §4. A more complete paper will appear 
elsewhere. 

2. Molecular dynamics method 

We consider a macrocell formed by the vectors rii a, ^ 2 b and n^c where a, b, c, are the 
primitive cell vectors of the crystal and , FI 2 , are integers which determine the total 
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number of primitive cells n — nixn 2 ^ in the macrocell. As each primitive cell of 
LiKS 04 . in the room temperature phase of space group P 63 contains two formula units, 
the macrocell would contain 2 nLi'^, 2 /iK'^ and 2 n(S 04 )^" ions and in all 14n atoms. 
We have used a 3 x 3 x 2 macrocell in these studies. 

We initialize the system with atoms located at their crystallographically determined 
equilibrium positions and the atoms are provided with some random velocities scaled 
to the square root of the temperature of simulation. Time evolution of the system is 
then calculated at steps of suitable time intervals using the classical equations of 
motion, namely the Newton’s equations for translational motion of the centres of mass 
and the Newton-Euler equations for rotational motion of rigid bodies like ( 804 )^". 
Accelerations at each time step are obtained from a suitable atom-atom potential 
function. The periodic boundary conditions are imposed to remove the surface effects 
and thus simulate, in effect, an “infinite” crystal with periodicity of the macrocell. 

While the translational coordinates are taken as the conventional cartesian 
coordinates x,y,z, the rotational coordinates used are not the conventional Euler 
angles fl, as these are known to produce singularities in the equations for large 
rotations. Instead we use the quatemian coordinates Li, £ 2 * ^3 and L 4 (where Lf + Ll 
-I-L 3 -h L 4 = 1) as these produce singularity-free equations (Evans 1977). 

The time step of calculation is chosen as a small fraction of the minimum vibrational 
period in the system which is the inverse of the maximum phonon frequency of external 
modes. The values chosen for the simulations at 300 K and 1000 K were respectively 1 
X 10" sec and 0*75 x 10" sec as higher values of time steps resulted in too close 
atomic contacts producing unstable kinetic energy in the calculations. In the 
simulation, various physical quantities like temperature, mean square amplitudes, 
orientations of sulphates, etc have been monitored. The results are presented in §4. 


3. Potential function for LiKS 04 


We shall now discuss the suitability of the potential function obtained from a lattice 
dynamical calculation (Chaplot et al 1984) for use in the simulation studies. The form of 
the potential function is the simplest with minimum parameters for use in a complex 
ionic molecular solid like LiKS 04 . The potential energy between two non-bonded 
atoms (Kfc) and (K'fc') separated by a distance r is given by 


F(r) = 


Z(Kk)Z(K'k') 


47C6o 


+ uexp 


{__ 1 

\R(Kk) + R{K^k')] 


where Z(Kfc) is the effective charge and i?(Kk), the radius parameter associated with 
the atom (Kfc) belonging to the rigid unit K. 

The above potential produces a potential minimum for the positions of Li and K 
atoms and molecular positions and orientations of (SO4) rigid units corresponding to 
the structure determined by crystallographic experiments (Bhakay Tamhane et al 
1984). The potential also predicts proper Raman frequencies arid the lo-to splitting of 
modes (Chaplot et al 1984) reasonably in agreement with experiments. It may be 
mentioned that a much better agreement would be obtained with an improved 
potential model or a shell model (Chaplot 1983) but it is at present difficult to obtain the 
parameters for such a model and also too (computer) time consuming at present to use 
such a model in simulation work. 
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The lattice dynamical calculation (Chaplot et al 1984) which used the above potential 
predicts a soft mode at an irrational phonon wave vector and involving librations of the 
sulphate molecules about axes in the hexagonal plane. The potential thus provides an 
understanding of possible easy rotations of molecules in the crystal and such easy 
rotations may be related to observed phase transitions in LiKS 04 involving 
reorientations or orientational disorder of sulphates. While we need not at present go 
into details of such explanations of the phase transitions, the predictive utility of the 
potential suggests that it may be used in simulation work with some confidence. 

Additional support for the potential comes from the results of calculation of partial 
density of phonon states (Choudhury et al 1984). These results at room temperature 
show substantial Li motions at low energies and coupling of Li translations and 
sulphate rotations, indicating possible trends at higher temperatures. 


4. Results 

We present the results corresponding to the simulation temperature of lOOOK. The 
calculated mean kinetic energies of both the translational and rotational motions reach 
their equilibrium values fairly quickly. Larger fluctuations are observed in the 
rotational kinetic energy as compared to the translational part as would be expected 
due to a smaller total number of degrees of freedom of the rotational motions in the 
macrocell. 

Figure 1 shows the mean square displacement < (t) > of the lithium ions averaged 

over all the 36 lithium ions in the macrocell as a function of simulation time up to 7*5 
X 10“ ^ ^ sec. The figure indicates a small rise in < (f) > as the time increases; however, 
no appreciable diffusion is observed at this temperature. Examination of individual 
lithium ions shows that the ions move to interstitial positions and vibrate there for 
fairly long times of a few pico-seconds and then some of the ions return to their lattice 
positions. This phenomenon of lithium movement appears to be closely related to the 
orientations of the neighbouring sulphate tetrahedra which are found to rotate and 
reorient by large angles of up to 180°. Interestingly the rotation or reorientation about 
the hexagonal axis is found to be about twice as favourable as about any one axis in the 
hexagonal plane. ■ 

In figure 2 we show a plot of one of the quatemians of a typical sulphate 
tetrahedron. L 3 represents sin (6^/2) when Lj = 0 = L 2 , 6 * being the angle of rotation 
about the hexagonal axis. We notice that this particular sulphate has first reoriented by 



Figure 1. Mean square displacement of lit¬ 
hium ions in LiKS 04 at 1000 K as a function of 
time as obtained by molecular dynamics 
simulation. 



T(psec) 


Figure 2. The quatemian of a typical 
sulphate tetrahedron in LiKS 04 at 1000 K as a 
function of time as obtained by molecular 
dynamics simulation. 
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60° and then after about 0*5 psec has reoriented by another 120°, then again after 3 psec 
it has reoriented back by 60°. The time taken in carrying out a reorientation is about 
0*5 psec. 

Simulation at the room temperature has been carried out for a simulation time of 
3 psec. In this duration we have not observed any reorientations although the 
vibrations have large amplitudes. Also the lithium displacements are found to be small. 

We have also calculated the dynamical structure factors iS(Q,w) and vibrational 
density of states. The details of these results along with simulation at other 
temperatures and annealing of the system will be published elsewhere. 
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Simulation of polymer systems 

S L NARASIMHAN, P S GOYAL and B A DASANNACHARYA 

Nuclear Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay 400 085, India 

Abstract. The present paper describes an algorithm which can generate, even on a small 
computer, arbitrarily long polymer chains, making sure that the configurations generated do 
not suffer from boundary effects. This has been achieved by employing the concept of a 
window, which is an analogue of virtual memory scheme. The algorithm has been tested for the 
case of dilute polymer solution. 

Keywords. Polymer chains; self avoiding random walks; Monte-Carlo methods. 


1. Introduction 

The configurational properties of polymer chains in polymer solutions or in polymer 
melts can be studied experimentally using light scattering or neutron scattering 
techniques. While the light scattering technique is employed for studying dilute 
polymer solutions, small angle neutron scattering (sans) technique is employed for 
studying dilute as well as concentrated polymer solutions, and also polymer melts 
(Higgins and Stein 1978). The configurational properties of linear polymer chains have 
also been studied by computer-simulating self avoiding random walks (saw) on various 
lattices (Mckenzie 1976) using either the exact enumeration method or the Monte Carle 
method. 

Configurational properties of short saws consisting of about 24 steps or less have 
been studied by enumerating all possible configurations of the saw of a given length 
But it is not possible to list all the configurations of a long saw which consists of, say 
hundreds of steps. Therefore one has to be content with generating as large a set o] 
configurations as one can, using Monte Carlo simulation technique. 

One of the attempts at generating long saws using Monte Carlo technique is due tc 
Wall (1954). His method consists in generating saws on a finite lattice whose size is 
determined by the available main memory of the computer used. One usually start! 
generating a walk from the centre of the lattice. Steps are generated by choosing, a 
random, one of all the nearest neighbours of the currently occupied site anc 
remembering that backward step is not allowed. Should the site chosen be already 
occupied, the attempt is discarded and a fresh attempt to generate the chain is made 
from the centre of the lattice. The effect of this phenomenon, called “attrition”, become: 
more and more severe as one tries to generate longer and longer walks. It has beer 
reported that out of 140000 attempts made at generating a 121-step walk, only one wai 
successful (Wall 1954), But the successful attempts lead to configurations which art 
equally probable. To reduce the effect of attrition. Wall has proposed an enrichmen 
scheme (Wall et al 1963) with the help of which walks consisting of about 800 steps havt 
been generated. 

Rosenbluth and Rosenbluth (1955) independently proposed a method which reduce: 


3 



36 


S L Narasimhan, P S Goyal and B A Dasannacharya 


the effect of attrition to a large extent but at the cost of biasing the walks. In this method 
steps are generated by choosing, at random, one of the unoccupied nearest 
neighbours—not one of all the nearest neighbours as in Wall’s method—of the 
currently occupied site. This way, generation of the walk proceeds until a site which has 
no unoccupied nearest neighbours is encountered. In such a situation, generation of the 
walk is terminal^, and a fresh attempt is made. As this method generates walk with 
some bias the configurations generated are weighted so as to make them equally 
probable. 

In either of these methods, attrition is not zero. Moreover, for a given size of the 
lattice, walks which consist of more than a certain number of steps will suffer from the 
effects of the boundary (Wall et al 1976). To give an example, suppose we have a 16-bit 
microcomputer which provides a program space of about 20 K words to the user, 
and we want to generate saws on a cubic lattice. Assume that, in this program environ¬ 
ment, we are constrained to generate saws within a cubic array, lat, of dimensions 
15x15x15. Clearly, even in principle, we cannot generate as long a saw as we want to. 
Also, walks which consist of more than, say 30 or 40 steps, will have finite probability of 
hitting the boundary of lat, and therefore will have to be coiled back into the interior of 

LAT. 

In the present paper we report an algorithm which treats lat as merely a 
3-dimensional window through which we can look into the 3d-real space. Starting from 
the centre of the window, it generates a segment of the walk, stores the coordinates of 
the sites visited, and uses the same window after proper initialization, to generate 
another segment of the same length. This process is repeated till a walk of desired length 
has been generated. If and when it encounters a walk which enters a blocked state and 
cannot proceed further, it enforces a back-tracking algorithm so that the walk gets out 
of its blocked state and proceeds further. This way it can generate as long a walk as is 
desired even in a restricted program environment, and every attempt made at 
generating such a walk is successful. The walks generated are weighted using a 
procedure due to Rosenbluth and Rosenbluth (1955). 

The concept of a window is discussed in § 2. Section 3 describes the algorithm and § 4 
gives the results we have so far obtained. A discussion of results and the capabilities of 
the algorithm are given in § 5. 

2. Concept of a window 

Let LAT be a finite cubic array, having dimensions L x L x L, so that any location can be 
accessed by specifying the array indices /, where /, J,K = 1,..., L. Imagine that 

lat is kept in 3d-real space. Let Xo, t>e the space coordinates in 3d-real space of 
the centre of lat. If b is the given step length, then the site (/, J, X) of lat will map into a 
point with coordinates (X,y,Z) in 3d-real space according to the transformation: 

X = [/-(L + l)/2]b + Xo 

y=[J-(L + l)/2]b + yo (1) 

Z = [X-(L+l)/2]b + Zo 

LAT can be moved in space in such a way that its centre coincides with the point (X, y, Z). 
Then any site (/', J\ K') of lat will map into a point with coordinates (X', F, Z') 
according to the transformation. 
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Figure 1. Illustration of a two dimensional 5x5, moving window. 


X’ = ir-(L+l)/2']b + X 

r = [j'-(L+i)/2]fc + y (2) 

Z' = [K'-(L + l)/2}b + Z 

We will call (1 ) the “window transformation” and lat the “window”. Figure 1 illustrates 
a 2d-window, for L = 5. 


3. Algorithm 

Suppose we want to generate a 4095-step saw and axe constrained to work with a 
minimal data base consisting of the following three arrays: (a) lat (15,15,15)—the 
window; (b) coord (512)—^an array in which to store the space coordinates of the sites 
generated and (c) nr and (512)—^array in which to store the number of unoccupied 
neighbours each site has when the walk proceeds from there. Assume that our machine 
configuration includes a floppy subsystem. 

(i) Choose some point (Xq, Fo^^o) in space to start the walk from; start with a clean 
window, i.e., initialize array lat with zeros. Assume that in the window site with 
coordinates (I = 8,J = 8,K = 8), the centre of the window, maps on to (Xo, Fq. ^o)- 
Let iI,J,K) be the window indices of the current site in lat. Occupy the site 
(Xo,Yo,Zo) by entering data 1 in location (I,J,K) of lat. Store the coordinates 
(Xo, Fo,Zo) in array COORD. Letpbethenumber of unoccupied neighbours of (7, J,X). 
Store p in array nrand. Choose one of the unoccupied neighbours of {I,J,K) at 
random and occupy it. Using the window-transformation (1) calculate the space 
coordinates of the point into which the chosen site maps into. Store these coordinates in 
COORD and so on. Repeat this process until a walk segment consisting of 6 steps is 
generated. We restrict ourselves to generating a walk segment consisting of 6 steps in 
one window because a segment consisting of more than 6 steps has a non-zero 
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I-1 



I 


Figure 2. Schematic representation of chain gener¬ 
ation process in two dimensions. Three segments of 
the chain generated using windows I, II and III are 
shown by dashed, solid and dashed lines respectively. 


probability of hitting the boundary of lat and therefore would have to be artificially 
coiled into lat. Thus we eliminate boundary effects. 

(ii) Define the next window, which is first wiped clean, such that its centre maps into the 
last point of the previous segment generated, as shown in figure 2 for the case of two 
dimensional walk. Initialize the window with respect to the previous segment(s) 
generated. This is done by mapping the coordinates stored in coord back into the 
window-indices and checking if they are within the bounds of lat. If they are, then 
those locations of lat are initialized with data 1. Otherwise, they are ignored. 

One more segment is generated in this window. 

(iii) Process (ii) is repeated till the arrays coord and nrand are full. Once they are full, 
they are dumped into a floppy file, and are initialized for fresh use. 

(iv) Process (iii) is repeated till a walk of desired length has been generated. 

(v) If in the process of generating this walk, we encounter a situation where the walk 
cannot proceed further because it has reached a site which has no unoccupied 
neighbours, then we back-track on the walk, keeping track of which window we are in, 
to a point from where the walk could proceed along a different path. This is done by 
scanning the array nrand from the current location towards the top till we encounter a 
location which contains p > 2. We determine the window in which this site was 
generated. Proceed the walk from that site making sure that we avoid those locations of 
this window which mapped onto points which got the walk blocked. It may be noted 
that window initialization and some time back-tracking also may require that we 
retreive the coordinates and values from the floppy files back into the arrays coord and 
nrand. Our algorithm can take care of these data movements back and forth between 
the buffers coord and nrand and their corresponding files on floppy diskette. 

Once a walk is generated, it is weighted according to the scheme of Rosenbluth and 
Rosenbluth (1955) in the following way: 

Let the walk consist of N steps. Let p(i) be the number of options available for 
generating the ith link. (2 ^ i < N; 0 < p(i) ^ 5 for a cubic walk). These values are 
retreived from the array nrand. Then the weight associated with the walk is given by: 


^-nf. 

i = 2 ^ 


(3) 


The algorithm also calculates R^, the square of end-to-end distance of the walk. To get 
an average value < > of R^, we generate a sample consisting of large number, say n of 
such walks. 
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4. Results 

The above algorithm has been used to calculate* the mean square end-to-end distance 
<R^ > as a function of the number, N, of monomers in the chain for a cubic lattice**. 
This calculation essentially gives information about the dependence of < > on N in a 

dilute polymer solution. Calculations have been done for N = 8,16, 32,48,64,80,128. 
The window used in these calculations had a size of 31x31x31,For a given position of 
the window, only a small segment (16 monomers) of the walk was generated to ensure 
that the boundaries of the window are not encountered in the process of generating the 
walks. The mean value < R^ > was evaluated using a large number, n, of walks by either 
giving equal weightage to all the walks or by weighting them as per the procedure 
outlined in earlier section. 

To get an accurate value of < R^ >, it is desirable to have as large a sample as possible. 
Restriction to sample size comes from the computation time. The optimum value of n 
was arrived at by calculating < R^ > as a function of n. Figure 3 shows < R^ > as function 
M for a 128 monomers chain for the case when all the chains were given equal weightage. 
It may be noted that though the value of <R^ > fluctuates for small values of n, it 
stabilizes to within 2% for n = 750. For smaller walks (N < 128), the accuracy on 
<R^ > is expected to be better than 2 % forn = 750. In view of this, when all the walks 
had same weightage we used sets of 750 walks to compute the mean value of R^. 

In the case of weighted chains, we have used larger samples as it was seen that some 
walks acquired very low weightage in the process of weighting. The sample sizes used in 
various calculations are given in table 1. Also given in the same table are the calculated 
values of < R^ > for different values of N both for weighted and unweighted situations. 
The dependence of < R^ > on JV is shown in figure 4, where < R^ > is plotted against N 
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Figure 3. Variation of mean square end-end distance, >, as a function of the sample 
size n. 


• Calculations performed on the super-mini computer, PRIME 450. 

♦* Dependence of > on N is known (Domb 1963) to be independent of the lattice used. 




40 


S L Narasimhan, F S Goyal and B A Dasannacharya 


Table 1. Calculated values of mean square end-to-end distance < > for a polymer 

chain for different values of N. 


Chain length 
(N) 

Unweighted 

Weighted 

Sample size (n) 

<R^> 

Sample size (n) 


8 



9999 

10.93 

16 

750 

24.14 

8000 

27.26 

32 

750 

51.74 

8000 

66.97 

48 

750 

80.68 

5000 

101.91 

64 

750 

104.08 

5000 

129.73 

80 

750 

131.91 

6000 

167.83 

96 

750 

161.64 



112 

750 

188.45 



128 

750 

215.23 

1000 

333.10 



Figure 4. Variation of mean square end to end distance^ for a single polymer chain as a 

function of number of monomers N. Filled circles correspond to unweighted average and 
open circles correspond to weighted average as discussed in the text. 


on a log-log scale. It may be mentioned that for real polymer systems, to get an 
appropriate value of < JR^ > using Monte Carlo method, one has to make sure that the 
walks used in computing <R^ > are generated with equal probability. In view of this, 
the open circles represent a more relevant situation. 

5. Discussion 

It is well established both experimentally and theoretically (De Gennes 1979) that the 
mean square end to end distance < > for a linear polymer chain having N monomers 
is given by an expression of the type: 
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where the exponent v depends on the environment in which pol 5 naier chain resides. For 
example, the value of v is 1*2 for dilute polymer solutions (De Gennes 1979). Our 
calculations, where we have generated an isolated polymer chain in an infinitely large 
vessel, essentially corresponds to dilute polymer solution. It is seen that calculated 
(open circles in figure 4) values of lie on the dashed line That is, 

our algorithm gives v = M 92 in agreement with earlier simulation studies (Rosenbluth 
and Rosenbluth 1955) as well as light and neutron scattering experiments on dilute 
polymer solutions (Flory 1953; Cotton et al 1974). We also note that the solid points, 
corresponding to unweighted samples, give v = 1*09 again in agreement with earlier 
simulation work (Rosenbluth and Rosenbluth 1955). 

In short, we find that the above algorithm for examining the chain configurations in 
polymer systems using Monte Carlo method gives results similar to those obtained 
using existing algorithms. Using the present algorithm, however, it is possible to 
examine very long polymer chains {N > 1000) even on a small computer without 
encountering boundary effects, which is not possible with the other existing algorithms. 
Moreover, as this algorithm keeps track of all the occupied neighbours of each 
monomer of the chain, unlike earlier algorithm, it can be easily used for examining 
concentrated polymer solutions and polymer melts. In particular, using the above 
algorithm we are examining the configurations of a long (JV monomer) polymer chain 
in a melt of small (P monomer) chains (Joanny et al 1981). 
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Calculation of solute-vacancy binding energy in dilute fee and 
bcc alloys by diffusion 

D D PRUTHI 

Chemistry Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Abstract. Due to excess charge of the solute with respect to solvent, the free energy of 
vacancy formation and migration in the neighbourhood of the solute will change. This results 
in a change in the solvent diffusivity. A relation for the solute vacancy binding energy for fee 
and bcc lattices using enhancement factor has been derived considering the'solute vacancy 
interactions to be limited to first neighbour and neglecting the changes in the solvent 
correlation factor. 

Keywords. Solute-vacancy binding energy; diffusion; fee and bcc alloys. 

1. Introduction 

In dilute solution solvent diffusivity D(Q is linearly related to solute concentration 
(Pruthi and Agarwala 1982) 

D(C) = D(0)(l+bC), (1) 

where D(0) is the solvent diffusivity in pure solvent and b is the enhancement factor. 

From the atomistic point of view one could attribute changes in the solvent 
diffusivity to the excess field of solute atoms as compared to solvent atoms. This will 
change the vacancy concentration and will also perturb the vacancy solvent exchange 
frequency in its vicinity. In other words the free energies of formation and migration of 
vacancy in the neighbourhood of solute will be altered. 

In figure 1, curve 1 shows the excess field due to the solute which is superimposed on 
the potential energy curve in the absence of solute viz ctlrve 2, which results in the 
altered potential energy curve 3. Agi and Aqz are the increase in the free energy of 
vacancy formation at sites 1 and 2 respectively and Ag„ is the increase in the free energy 
at the saddle point. Therefore it should be possible to find a relation between the 
enhancement factor and free energy at the saddle point and near neighbour sites. One 
can hence calculate the free energy change at the 1st nearest neighbour site (negative of 
which is solute vacancy binding energy) from the experimental values of the 
enhancement factor under certain simplifying assumptions. 

2 . Calculation of enhancement factor 

Solvent diffusivity in pure solvent and dilute alloy may be written as 

D(0) = ix=*ro/o (2) 

and 

= ( 3 ) 

4 ; 
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Figure 1. Potential energy curve for vacancy (□) 
solvent (•) exchange in the presence of solute (O). 


where x, F;, F^,^ denote x component of jump distance, number of i type of jumps 
made per sec by the diffusing atom, free or unperturbed solvent jumps far away from 
the solute atom and correlation factor for i type of jumps respectively. Subscript 0 
stands for pure solvent. F^ may be written as 


= (4) 

J 

where C^i is the probability of vacancy existing at sites of i type (generally at ith 
neighbour site of solute) and may be written as 

C„i = CZi exp -(gj--hAgfi)/kT, 

= CZ,CU. (5) 

where C is solute concentration, Z,- is the number of ith neighbours of solute, C^/is the 
probability of vacancy existing at the ith neighbour sites of solute, Ag fi is the increase in 
the free energy of formation of solvent due to the presence of solute. Wf; in (4) stands for 
the probability of vacancy at any of the ith neighbour site making j type of jumps. It 
may be written as 

Wtj = Zy V exp - (g„ + Ag„j)tkT, 

= ( 6 ) 

Here Zy is the number of j types of jumps which a vacancy at any of the ith site can make 
with probability Wij, is the increase in the free energy of migration and v is the 
vibrational frequency. Therefore Fj may be written as 

r.^^Y.cz.z.jCuw'.j, (7) 

J 

For pure solvent, vacancy can exist at any of the Zq neighbouring sites of a solvent 
atom (or a tracer atom). Therefore effective vacancy concentration and solvent jump 
frequency for pure solvent diffusion are 

C„o = Zoexpi-gfIkTl 



— ZqCpOs 

(8) 

and 

Fo = ZqY Qy 

(9) 


In an alloy according to (7) and (3) CZgZ^ sites are involved in perturbed 

i i , . 

vacancy jumps. Therefore concentration of free vacancies and free vacancy jumps will 



Solute-vacancy binding energy 


45 


be given by 


Q^ = (zo-cEZZiZyjc;o, 

(10) 

rf = (zo-cY,lz,Zij'\ro. 

( 11 ) 

For weak perturbation approximation, changes in solvent correlation factor for the 
perturbed jump frequencies are neglected, i.e. all ft are equal to /©. Under this 
approximation (3) with the help of (2), (7) and (11) may be written as 

D(Q = D(0) 1 + c XI (ZiZjZo) (ryr'o - 1) J 

(12) 

Therefore enhancement factor from (1) becomes 


b = (l/C)[D(q/B(0)-l]. 


= lY(ZiZtj/Zo)-{ryro-i). 

i J 

2.1 Relation between dissociative and associative jumps 

(13) 


It is shown below that the contributions from dissociative jumps and associative jumps 
are equal. In figure 1, if the vacancy is jumping from site 1 to site 2, 

C „1 = exp [ - {gf + Affyi )/kr] 
and 

Wi2 = expi-{g„-Agfi + AgJ/kT'\, 


.-. ri2 = roexp(-Ag„/kr). 

(14) 


For C „2 and W 2 X, d^gji is replaced by Agf 2 and hence it gives the same result as (14). 

If a vacancy can jump to Zi 2 sites, for the reverse jumps it can be reached by the same 
number of jumps. Also if it can exist on Zj sites, near a solute atom, then the total 
number of sites involved for the forward and backward jumps are Zj Zj 2 . The latter le. 
the sites involved for the reverse jump may be written as Z 2 Z 21 . Hence 
Zj Z 12 = Z 2 Z 21 . Combining this with (14) shows that the contribution to b for 
dissociative jumps and associative jumps are equal. In bcc structure there are eight first 
neighbours (Zi) and six second neighbours (Z 2 ) of solute. Each first neighbour can 
jump to three second neighbour sites (Z 12 ) and each second neighbour can jump to 
four first neighbour sites (Z 21 ). Therefore dissociative jumps (8x3) are equal to 
associative jumps (6 x 4). 

If the potential of the solute falls off in such a way that there is no change at the saddle 
point {e.g. curve B in figure 1), then Ag„ is zero and therefore (14) gives Ty = Fq and 
hence contribution to b (equation (13)) will be zero. 

From (13), the expressions for b derived by Lidiard (1960) for fee lattice and LeClaire 
(1970) for bcc lattice can be written. 

3. Enhancement factor and change in free energy at the saddle point 

In the present discussion it will be assumed that solute vacancy interaction is limitpH up 
to first neighbours only. Hence there is no summation over i in (13) and also Zj = Zq 
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Figure 2. Potential energy curve for self diffusion in 
fee lattice. Lattice atom and vacancy are shown as (•) 
and (□) 


Therefore the expression for b becomes 


b = S2:y(r:.;/n-i). (15) 

j 

For fee structure according to figure 2, vacancy at first neighbour site of solute has four 
first, two second, four third and one fourth neighbour at distances of >/o!5 ^o» \/^ 
Oq and y/l ao respectively. (Here ao is the lattice parameter). Their saddle points are at 
^ flo/4, >/l0 ao/4, y/Ti flo/4 and ^/l8 flo/4 respectively. The saddle point of the 
fourth neighbour lies at a distance greater than the second neighbours and hence will 
not contribute towards b. Using (15), the expression for b may be written as 

h = 4 exp (- /kT) + 4 exp (- Ag^if^T) 

+ 8 exp (- Ag^ilkT) -16. (16) 

Here Ag „2 and Ag^^ are changes in the free energy at the saddle points for 
vacancy jumping to respectively, first, second and third neighbours. The factor 4 in the 
first term is due to the four first neighbours of vacancy, whereas for the second and third 
terms the values of 4 and 8 are double the number of second and third neighbours as 
both associative and dissociative jumps will contribute equally. 

For bcc structure (figure 3), vacancy which is first neighbour of solute will have, three 
second, three third and one fifth neighbours. Their distances from the solute are Aq, 
y/2 flo and y/3 Aq (^o is the lattice parameter). In bcc structure the potential energy 
curve has got two humps as shown in figure 3. The distances of first and second hump 
from the solute are respectively flo/6, y/2J flo/6 for second neighbour, Ao, ^/m 
flo/6 for third neighbour and .^48 flo/6, y/^ flo/6 for fifth neighbour respectively. 
Saddle points of all the neighbours except second neighbour lie at a distance equal to 
(only for the first hump of third neighbour) or greater than the second neighbour. 
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Therefore one need consider associative and dissociative jumps for second neighbour 
only. Equation (15) gives 

h = 6 [exp(-A 5 „/k 7 ’)-l] (17) 

4. Calculation of solute vacancy binding energy 

If it is assumed that excess potential due to solute dies down linearly from first 
neighbour site to second neighbour site and can be linearly extrapolated to the saddle 
point, then one can calculate solute vacancy binding energy. 

For fee structure Ag„ may be written in terms of Agfy as 

where Xi, X 2 and X 3 are 6 ,10 and 14 respectively. Hence Agf may be calculated from the 
equation 

b = 4exp( —ai Agy/Rr) + 4exp(—a 2 Agfy/J?r) 

+ 8 exp(-a 3 A^^/Rr) —16. (19) 

Here free energy has been written per mole in place of per atom and ai, a 2 , *3 are 
coefficients of Ag^ in (18) (viz. aj = 1-3234, 1 X 2 — 0-7150, as = 0-221). The above 
equation shows that Agj- will depend on temperature. However (18) shows that the 
vdues of Ag„i and Ag „3 are small as compared to A^^i, hence the contribution 
from the two terms containing a 2 and as will be small. If this contribution is neglected 
i.e. as = as = 0 in (19) one gets the simple relation 
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If the contribution from these two terms is not neglected one can use the following 
method of iteration to calculate the value of Agf. Let 

A = b+16-4exp(-a2Agf/RT) — Bexp{—(i3Agf/RT) (21) 

then 

RT 

A5/ = —log(/4/4). (22) 

“1 

First assume = 0 in (21) and substitute the value of A in (22) to get Agf which is 
then substituted in equation (21) to get a new value of A which on substitution in (22) 
gives a new value of Agf. This process is repeated till the old and new value of agree. 

For bcc lattice the potential energy curve has two humps. For solute vacancy 
attraction the second hump which is at the same distance as the first neighbour will be 
higher and will determine the potential barrier for the jump. Therefore Agf = Agm- 
Using (17) the free energy per mole can be written as 

- Agfy = RJlog (1 + b/6). (23) 

For repulsive interaction between solute and vacancy the potential of the first hump 
will be higher and hence it will determine the potential barrier for vacancy jump. 
Extrapolating linearly Ag„ to Agf one gets 

. 2v'3-3 , 

2 ^ 5 - 272 ^*- 

= 0-73 Rr log (1+b/6). (24) 


5. Application 

Application to a few fee systems at 730°C for different solutes in silver is shown in 
table 1. It can be seen from the table that the values of solute vacancy binding energy 
increase as the value of enhancement factor increases. The contributions from second 
and third neighbours cannot be neglected when the value of b is low. In table 2, the 
values of solute vacancy binding energy for some bcc systems at one typical 
temperature are given. 

Both tables show that the value of solute vacancy binding energy is of the order of a 
few kilo calories per mole in agreement with other studies (Anand and Agarwala 1972; 
Doyama 1978). 

Table 1. Solute vacancy binding energy in some silver alloys at 1003K. 


—Agy (in kcal/mol), contributions 
from second and third neighbour 


Solute 

b 

neglected 

not neglected 

Au 

-1-2 

-0-54 

-0256 

Cd 

7 

1-52 

1-07 

In 

13 

2-18 

1-67 

n 

37 

3-51 

3-03 

Sb 

52 

3*97 

3-54 

Pb 

87 

4-70 

4-33 
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Table 2. Solute vacancy binding energies in some bcc systems at one typical temperature. 


System 

solvent-solute 

Temp. 

(K) 

b 

(in kcal/mol) 

Fe-Co 

1168 

-M 

-0-34 

Ti-V 

1373 

-3-7 

-1-91 

V-Ti 

1373 

28-7 

4-79 

Zr-V 

1167 

-4-1 

-1-95 

V-Zr 

1578 

28-7 

5-50 

Zr-Mn 

1173 

190 

3-33 

V-Fe 

1573 

18*7 

442 

V-Ta 

1960 

1-7 

0-97 

Fe-Si 

1400 

4-4 

4-51 


6. Conclusion 

It is found that the changes in the free energy of the activated complex determine the 
change in solvent diffusivity rather than solute vacancy binding energy. If solute 
vacancy interaction is limited to first neighbours only, then its value can be calculated 
from simple relations between the solute vacancy binding energy and enhancement 
factor. 
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Preparation and characterisation of Cd3P2, a II-V group 
compound semiconductor 
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Abstract. Cadmium phosphide (a-Cd 5 P 2 ) a II 3 -V 2 compound semiconductor has been 
prepared by C/H 2 reduction of cadmium phosphate. The reduction process is conducted at 
550®C allowing the reaction to continue for 4 to 5 hr. The material always gets deposited on the 
walls of the quartz tube at different zones, which after analysis is found to contain, depending 
upon the location of the zone, Cd 3 P 2 , CdP 2 and other cadmium rich phosphides. The 
resistivity of the pressed samples are of the order of 3 x 10"‘*Q-cm. Optical absorption spectra 
of thin films, obtained by thermal evaporation on glass substrates, have exhibited broad bands 
around 620 nm. 

Keywords. Cadmium phosphate; cadmium phosphide; reduction process; resistivity; optical 
absorption. 


1 . Introduction 

Photovoltaic properties of phosphides belonging to n 3 -V 2 group of compound 
semiconductors have been actively studied recently owing to their promising appli¬ 
cations in solar energy devices (Catalano 1977; Zdanowicz and Zdanowicz 1975; 
Yashevchenko 1980). Cadmium phosphide the material of the present study, has also 
been used in ir detectors as well as in laser sources (Zdanowicz and Zdanowicz 1975). 
Amongst this II 3 -V 2 group, Zn/Cd phosphides have been prepared by earlier workers 
by the direct reaction of their constituent elements Zn/Cd and P. In our laboratory 
attempts are being made to synthesize these compound semiconductors by C/H 2 
reduction of Zn/Cd phosphates (Murali 1980). Some results on electrical and optical 
propertieis of Zn 3 P 2 prepared by this method were already reported (Murali and Rao 
1981, 1982). 

Both the phosphides (Zn 3 P 2 and Cd 3 P 2 ) are direct band gap semiconductors having 
bandgap values around 1-5 and 0-5 eV respectively. Zn 3 P 2 is reported always to exhibit 
p-type conductivity while for Cd 3 P 2 «-type conductivity has been observed. Till date 
conventional doping procedures with suitable impurities to make Zn 3 P 2 n-type and 
Cd 3 P 2 p-type have not been completely successful. In view of this making p-n junction 
devices with either Zn 3 P 2 or Cd 3 P 2 still remains a challenging problem in the research 
area dealing with the synthesis of these materials. The present paper reports some 
results on the electrical and optical properties of cadmium phosphide prepared by 
C/H 2 reduction of cadmium phosphate. 
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2. Material preparation 

The starting chemical cadmium phosphate was prepared by two different methods, 
(i) by using cadmium sulphate and (ii) by using cadmium acetate. These materials were 
initially characterised by x-ray diffraction technique and the background impurities 
estimated by using tsl and tsc techniques (Bagulasankrithyan and Rao 1984). The 
material prepared using cadmium acetate yields better quality CdsPa by the reduction 
process. 

Cadmium phosphate prepared using Cd acetate was dried initially at 200°C and 
then used in the preparation of Cd 3 P 2 . In the case of carbon reduction process the 
mixture containing stoichiometric quantities of cadmium phosphate and specpure 
carbon were kept in a tubular furnace at 550°C and the reaction was allowed to 
continue for 4 to 5 hr either in N 2 atmosphere or in vacuum (10~^ torr). In the case of 
H 2 reduction process the cadmium phosphate packed in a porcelain boat is placed at 
the central zone of the furnace, whose temperature is raised at the rate of 4-5°C/min in a 
continuous flow of H 2 . The reduction by H 2 is conducted in this way finally at 550°C for 
5 to 6 hr. By both the methods of reduction Cd 3 P 2 has only been formed on the walls of 
the quartz tube; the schematic of the furnace used in the material preparation is shown 
in figure 1. The x-ray diffractograms of Cd 3 P 2 , obtained by both these methods, have 
indicated apart from a-Cd 3 P 2 lines, presence of Cd rich cadmium phosphide (figure 2); 
the values of 20 are indicated in table 1. 



(B) 

Figure 1. A. Schematic diagram of the tubular furnace. B. Coating on the walls of the tube. 
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Figure 2. X-ray diffractograms of a-Cd 3 P 2 prepared by a. Carbon reduction and b. H 2 
reduction of Cds (P 04 ) 2 . 
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Table 1. X-ray diffraction data of bulk CdjPj. 


Value of 29 (in degrees) 

ASTM 

Experiment 

•14-5 

14-7 

*15-8 

15-9 

*17-3 

17-3 

190 

19-6 

♦21*5 

21*6 

270 

27-2 

*27-5 

27-7 

304 

29-5 

33-3 

330 

35-5 

35-4 

38-8 

39-2 

408 

408 

43-9 

43-6 

460 

45*6 


* correspond to Cd. 


esults and discussion 

lectrical conductivity of the pressed samples (pellets of 10 mm dia were made by 
ing 5 ton pressure) was measured using the four probe method. All the samples in 
al indicated very low values of resistivity of the order of 3 x 10"^n -cm. The 
les reported by other workers (Zdanowicz and Wojokowski 1965) are in the range 
D 25 mQ-cm. The low values of resistivity observed for Cd 3 P 2 in this study has 
ittributed to the large fraction of Cd content present in the Cd 3 P 2 obtained by the 
reduction process. 

tical absorption of the thin films prepared by thermal evaporation on glass 
rates at room temperature has been measured in the spectral range from 0-4 to 3 /x 
an uv-visible-NiR recording spectrophotometer (Beckman model 5270). Very 
1ms (thickness < 1/x) could only be obtained by the method of evaporation. They 
ill exhibited a broad absorption band around 600 nm; some typical results of the 
il absorption spectra are shown in figure 3. 

mparing these results with those reported by Zdanowicz and Zdanowicz (1975), 
road absorption band around 2*06 eV (^^600 nm) which is nearly equal to the 
gap of a-CdP 2 , may be attributed to the presence of a-CdP 2 in the material (thin 
obtained on glass substrates. No such clear absorption bands related to a-Cd 3 P 2 
obtained for these thin films beyond 1*4 and up to 2f@ fim (this wavelength region 
lus not been depicted in figure 3). X-ray diffraction data of thin films did not also, 
ver, indicate any of the prominent lines of either a-Cd 3 P 2 or a-CdP 2 . Because of 
5ry low value of the thickness these lines could not be detected in the presence of 
ackground lines of the glass plate itself. 
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Figure 3. Optical absorption of thin films (of thickness •-0-95 fjm and o-0*86 fan) of 
cadmium phosphide. 


4. Conclusions 

Cadmium phosphide, synthesized by C/H 2 reduction of Cd 3 (P 04 ) 2 , when prepared in 
.he form of thin films on glass substrates by thermal evaporation, has been found to 
contain a-CdP 2 phase. The composition of the bulk material, however, is Cd rich 
a-Cd 3 P 2 which indicated resistivity values of the order of mohm-cm. 
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Characterization of deep levels in semi-insulating gallium arsenide 
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Abstract. Two traps with activation energies of — 0-47 eV and E„ + 0*79 eV have been 
detected in semi-insulating GaAsiCr through optical transient current spectroscopy (OTCS) in 
the temperature range 300-450 K. The latter trap gives rise to rising current transients which 
result in a negative peak in the OTCS spectrum. The theoretical expressions for current 
transients have been derived. 

Keywords. Gallium arsenide; deep levels; activation energy; current transients; optical 
transient current spectroscopy. 


1. Introduction 

Semi-insulating gallium arsenide is of great technological importance due to its 
application as substrates for microwave devices. Hence chromium-doped semi- 
insulating gallium arsenide has been widely studied; yet the understanding of the trap 
levels responsible for the characteristic properties of this material remains poor. This is 
mainly because popular methods of electrical characterization such as dlts cannot be 
used. Most of the measurements on GaAstCr have been performed on semiconducting 
samples. Martin and Bois (1978) introduced optical transient current spectroscopy 
(oTCs) to facilitate study of deep levels in semi-insulating samples. In this technique, a 
pulse of intrinsic light is used to fill the traps, and the transient conductivity due to 
emission of carriers from the traps on removal of light-is analysed as in dlts. However 
there have been difficulties in interpreting the results. Deveaud and Toulouse (1980) 
used this technique but had to invoke a large number of free parameters to interpret 
their experimental data, particularly the negative peaks. They have thus concluded that 
semi-insulating GaAs has a large number of trap levels. 

In this paper we describe the results of our ores experiments on semi-insulating 
GaAsiCr which lend themselves to simple interpretation. In §2, we derive the 
expressions for the current transient and give experimental details in § 3. We discuss 
our results in the light of the already published data in § 4. 


2. Theory 

Here we consider the electron occupancy of deep levels in the band gap during and after 
a pulse of intrinsic light. The rate of change of electron occupied trap concentration is 
given by (Sah et al 1970) 
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^ = - (c„n + + CpP + Cp) nj.+ {c„n + e^fNj., (1) 

at 

where Nj. is the total trap concentration and all other symbols have their usual 
meanings. The emission terms are sums of the respective thermal and optical 
contributions. 

When high intensity intrinsic light is allowed to fall on the sample, a large number of 
electron-hole pairs are created changing the occupancy of the trap levels. On reaching 
the steady state with light on, the trap occupancy 

rir _ c„n + e, _ c, ^2) 

Nj. c„n + e„ + CpP + ep c„ + Cp' 

where the second equality is obtained by neglecting the emission terms and assuming 
h = p during this period. When the light is turned off at r = 0, mainly two processes 
occur: (i) the carriers in the bands recombine rapidly with a time constant t,, (ii) the 
traps emit carriers slowly resulting in a transient current. The concentration of the 
occupied trap is governed by the rate equation 

^=-{e„ + ep)n^+epN^, ( 3 ) 

as the capture processes are negligible and has the solution 
njit) = [nr(0) - 'V(°o)] e*P [“(«» + «p) 0 + «r(°o)> 
where the initial condition is given by (2) and the final condition by 

^ (5) 

The concentration of the electrons in the conduction band contributing to the 
conductivity is determined by 


dn 

dt 


n 


-+ ^nWr 


( 6 ) 


If T. is so short that ^ — (Rose 1963), 

at Tf. 

n = 

Similarly the hole concentration in valence band 

p = z^ep{Nj.-Tij.). (Tb) 

Using (7), the time dependent part of the current can be written as 

i(r) = A a{t)e = Azrqeidn^n - «r(f). (8) 

where A is the area and e the applied field. Using (2), (4) and (5) 

i(t) = Ax,qeNj.{p„e„-ppep)^-^^^—^^^^^txpl-t(e„ + ep)']. (9) 

The current fransient would be decaying type if e„ > Cp and c„ P Cp i.e. a trap in the 
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upper half of the band gap communicating with the conduction band, since (9) becomes 
i(t) = AqT,eN^fi„e„ exp (- (10) 

On the other hand, a rising current transient can also occur if ppep < Pn^n and 


Cn 

Cn + Cp 


< 




( 11 ) 


Thus a trap in the upper half of the bandgap with hole capture cross-section larger than 
the electron capture cross-section will result in a rising current transient and hence a 
negative otcs peak. Analogous conditions prevail for traps in the lower half of the 
bandgap. 


3. Experiment 

Electroless gold films are deposited on both surfaces of chromium doped semi- 
insulating GaAs wafers (Wacker Chemitronic). The front surface is mesa-etched to 
allow light penetration. The chopped output of a 1 mW He-Ne laser is used as the light 
source. Current in the sample is measured by a Keithly 427 current amplifier and 
sampled at times ti and t 2 after the light is turned off. The otcs signal S = i(ti ) — i {t 2 ) is 
directly plotted on an Z-Trecorder as a function of sample temperature. A schematic 
diagram of the experimental set-up is given in figure 1. 

The OTCS signal goes through an extremum (maximum for a decaying transient and 
minimum for a rising transient) at a temperature at which the emission time constant x 
is given by 

i = [1 /(r^ - ti)] In [(T - t 2 )/ix -t,)l (12) 

assuming a transient of the type given in (10). The emission time constant is measured as 
a function of temperature by changing the sampling times ti and tz- From detailed 



Fignre 1 . Schematic diagiam of the ores experimental set-up. 
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balance, the emission time constant for electrons is given by 

:^ = <^„<f^tJ.>»Ncexp(-A£//iT') (13) 

where <y„ is the electron capture cross-section and A£ the activation energy and all other 
symbols have their usual meanings. Hence the slope and y-intercept yields the 
activation energy and capture cross-section respectively. 


4. Results and discussion 

In the temperature range 300-450 K, two peaks A and B are observed in the oxcs 
spectrum of which one is positive and other negative (figure 2). The peak temperature of 
level A does not correspond to the true time constant given by (12) since it is affected by 
the much stronger B peak. Therefore, full isothermal optical transient currents are 
recorded to determine the time constant for this level at different temperatures. The 
Arrhenius plot shown in figure 3 yields an activation energy of 0-47 eV with capture 
cross-section o-„ = 1 x 10"^^ cm^ from the detailed balance relation, (13). 

The activation energy of the negative peak obtained from ln(Tr^) vs IjT plot 
extending over three decades is 0-79 eV. The corresponding capture cross-section 
cTp = 3-2 X 10“‘® cm^ is obtained from this plot. We believe that this is the trap 
generally associated with Cr at the Ga site. From dlts and odlts on conductive 
GaAsiCr samples Mdrtin et al (1980) found an energy level at 0-75 eV in bulk, vPEand 
LPE materials. Szawelska and AUen (1979) have associated hole trap with an ionization 
energy of 0-81 eV with the transition Cr^"^ -♦ Cr^"^ using photocapacitance measure- 



Figure 2. OTCS spectrum of semi-insulating GaAs:Cr 
with Ti = 30 msec and f 2 = ^ msec. 
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Fignre 3. Arrhenius plot for the two levels A and B corresponding to the 
positive and negative peaks of figure 2 respectively. 


ments. Earlier Lang and Logan (1975) have ascribed a trap level at £„ + 0-78 eV with 
ffp = 2 X10" cm^ to chromium. 

In conclusion, Cr-doped semi-insulating GaAs has two main levels: (i) an electron 
trap at — 0-47 eV and (ii) a hole trap at -l- 0-79 eV. 
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Abstract. Thin films of tellurium of wide range of thicknesses have been deposited by 
vacuum evaporation and their electrical properties such as electrical resistivity and tempera¬ 
ture coefficient of resistance have been measured. The suitability of these films for possible use 
as strain gauges has been studied and their strain resistivity behaviour is presented. The 
thermal conductivity of these films have been determined and these results are presented 
alongwith. An interesting phenomenon has been noticed. In all these effects an extraordinary 
behaviour is observed at a specific thickness. This smears out with an increase in the thickness 
of the film. These effects are explained in terms of size effects in thin films. 

Keywords. Tellurium films; electrical properties; thermal properties; strain gauge. 


1. Introduction 

Tellurium forms compounds with Bi, Mg, Sn, Cd and Hg. These compounds are known 
as tellurides and are given the general name ‘chalcogenides’. The energy gaps in them 
are generally large and the presence of impurities leads to interesting and important 
luminescent and photoconductive effects. 

A study of the electrical and thermal properties of tellurium will help in the study and 
interpretation of the properties of thin films of these tellurides. For example, many of 
the tellurides are piezo-electric. A thin film tellurium strain gauge may possess 
sensitivities much greater than are known at present. Tellurides are used to detect and 
measure visible radiation. Hence compounds of tellurium offer vast scope for further 
work. 


2. Experimental techniques 

Thin films of tellurium of wide range of thicknesses were prepared on mica and mylar 
substrates kept at room temperature by evaporating different quantities of tellurium 
from a molybdenum boat (Kasturi 1962) at a pressure of 5 x 10“^ torr. For all 
evaporations the source to substrate distance was kept constant. The thickness of these 
films were determined using a multiple beam interferometer. 

3« Measurement of resistivity 

These measurements were carried out at room temperature of 27°C for seven samples, 
having thicknesses ranging from 875 A to 4275 A using a resistance bridge having an 
accuracy of 2%. Figure 1 relates the electrical resistivity with thickness. 


63 



64 


S Sampath and Kolluri V Ramanaiah 



4. Measurement of tcr 

For this measurement, all the seven samples were mounted on a substrate holder and 
kept inside a vacuum chamber and the required connecting leads were taken through 
electrical feed-throughs. The pressure inside the chamber was maintained at 10" ^ torr 
during the measurement to prevent any possible effects of oxidation. The films were 
heated to the desired temperature, again in the chamber itself, using an internally 
mounted radiant heater and the temperature of these films were measured by using 
copper-constantan thermocouples. The change in resistance of these films were 
measured using a resistance bridge. Figure 2 relates the tcr with thickness of the film 
and temperature and figure 3 relates the tcr with temperature for a particular 
thickness. 


5. Electromechanical behaviour 

The strain resistivity behaviour of these films were studied using the cantilever 
technique (Sampath 1981) as shown in figure 4. The film on the fiexible substrate is 
cemented firmly to a mild steel bar (2*5 cm wide, 0*5 cm thick and 100 cm in length) such 
that the distance between the centre of the gauge to the point of application of the load 
at the other end of the beam is 75 cm. The mild steel beam is firmly clamped to a rigid 
support as a single cantilever and a weight pan is fixed at the other end of the beam. The 
change in resistance of the gauge with load is measured by connecting it to a digital 
ohm-meter. Weights are added in steps and the changes in resistance are observed both 
while loading and unloading. The ‘hysteresis behaviour’ which is defined as the 
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Figure 4. Strain gauge bonded to a cantilever system. 



Figure 5. Hysteresis effect. 

phenomenon where the values of resistance indicated for ‘ascending’ and ‘descending’ 
strain of the gauge are not exactly equal, has been studied for these films and the results 
are shown in figure 5. 

The gauge factor G of these films were determined using the formula 
6Wl ' R 

where E is the Young’s modulus of the material of the beam, w the load appUed, I 
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Figure 6. Variation of gauge factor with thickness. 



distance between the centre of the gauge and the point of application of the load, R the 
initial resistance and AJ? the change in resistance of the gauge for a given load. The 
variation of gauge factor with thickness is shown in figure 6. 


6. Thermal conductivity 

The thermal conductivity of these films were determined in situ by a method developed 
by Nath and Chopra (1973). The thermal conductivity of these films for three different 
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temperature ranges have been determined. Figure 7 shows the variation of thermal 
conductivity with thickness and temperature. 


7. Discussion 

The electrical resistivity of tellurium films shows an oscillatory behaviour for all 
thicknesses. The electrical resistivity shows a steep fall as the thickness increases from 
850 to 1412A and later shows an oscillatory behaviour (figure 1). This behaviour is 
observed both for annealed and unannealed films. In general the resistivity of the films 
decreased with annealing and the oscillatory behaviour also appears to be reduced. 
Annealing was done at 80°C for 1 hr and the entire operation was carried out in situ. 
The annealing has not been carried out at higher temperatures since the films have low 
evaporation temperature. The pronounced maxima and minima occur for specific 
thicknesses in both cases. 

The observed phenomenon can be qualitatively accounted for by the following 
arguments. The high resistance at very low thicknesses can be attributed to the large 
inter-island separation in the film. When the thickness is increased the inter-island gap 
gets reduced and thereby decreases the resistance. This is further supported by the fact 
that the resistance further reduces on annealing. Further increase in thickness may 
introduce different amounts of defects in the film and also a change in the structure of 
the film. This results in an oscillatory behaviour of the resistivity. As the thickness is 
increased beyond 3000 A, all these structural and defect contributions even out and the 
oscillatory behaviour reduces. These arguments are further supported by a similar 
behaviour observed in thermal conductivity measurements also. A similar result for 
tellurium has been reported by Chaudhuri (1974) and he has attributed this to the 
variation of structure with thickness. 

The TCR of thin films of tellurium is found for three ranges 40-60°C, 45-65°C, 
50-70°C for thicknesses ranging from 850 A to 4200A. It is found to be negative which 
shows that tellurium belongs to a class of semi-metals. The tcr also shows an 
oscillatory behaviour with thickness of the film (figure 2). An explanation for this 
behaviour can be based on the same arguments as given above for the resistance 
variation. In general as the resistivity of a material decreases, the tcr decreases. The 
variation of tcr with thickness mainly depends on the resistivity of the film. The 
variation of tcr with temperature for a particular thickness is anomalous. This can be 
accounted for only by assuming that the activation energy of the electron varies with 
temperature particularly in a polycrystalline film. 

The hysteresis effect decreases appreciably after a few cycles of loading and 
unloading and the gauge is able to follow the strain reversibly after a few cycles 
(figure 5). This may be due to the relief of strain in the film itself after a few cycles. The 
variation of gauge factor is shown in figure (6). This property also shows an oscillatory 
behaviour with thickness. This could be accounted for on the basis of the structure of 
the film which seems to vary with thickness. The gauge factor is also intimately 
connected with inter-island separation. It is interesting to note that a gauge factor as 
high as 590 is obtained for a thickness of 1412 A. This is a si gnifican t result 

The thermal conductivity of tellurium films also shows an oscillatory behaviour with 
thickness as shown in figure (7) and shows a peak value at thicknesses of 1412 and 
2474 A. The explanation for it could be along the same lines as that of the electrical 
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resistivity. As can be seen from figure (7) the thermal conductivity oscillates as 
temperature increases for all thicknesses of the film. A peak value of 5*7 Wm” ^ K“ Ms 
obtained for a thickness of 1412 A. Fisher et al (1961) have determined the thermal 
conductivity of bulk tellurium over a range of temperatures. The thermal conductivity 
varies over a wide range of values. This variation is attributed to phonon-phonon 
scattering. No conclusive theory is yet available to account for the variation of thermal 
conductivity in thin tellurium films. 


8. Conclusion 

The electrical conductivity, thermal conductivity, tcr and gauge factor determined in 
thin films of tellurium shows that there is an oscillatory behaviour in these properties 
with thickness. It is also been observed that the maxima and minima of these 
oscillations very nearly coincide with respect to the thickness for all the properties. 
While no conclusive explanation can be given for the same it could be qualitatively 
interpreted as due to the variation of defect concentration and structure with thickness. 
This opinion seems to be supported by earlier reports of Chaudhuri and others. An 
extraordinarily high gauge factor has been observed for a thickness of 1412 A for which 
also there is no immediate explanation available. 
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Abstract. An attempt is made to develop the hydrophilic grafting of polyether urethane 
urea with hydroxyethyl methacrylate (hema) using ®°Co y-irradiation for achieving optimum 
hydrophilic/hydrophobic property needed towards blood compatibility. Contact angle 
method and platelet adhesion from calf's blood are used to determine the suitability of these 
modified surfaces. 

Keywords. Blood compatibility; platelet-adhesion; hema grafted polyether urethane; 
y-irradiation. 


1. Introduction 

Surface energy and interfacial parameters of synthetic polymers have been of interest, 
since such parameters seem to have some inter-relationship (Lyman et al 1965) with 
blood compatibility. It has also been suggested (Sharma 1981a) that optimum 
distribution of polar-dispersion components on the surface may have sufficient 
bioadhesive potential to form a passivating layer, such that a more inert surface is 
presented to the blood. The good blood compatible surface can be achieved if surface 
energy parameters, 

“s ( = - 4-7 {dynes/cm)*^^ 

( = (vf)^^^) — 3 0 (dynes/cm)‘^^ 

and 

PJa., ~ 0 64 are adjusted (Sharma 1981b). 

We have therefore attempted to develop an optimum procedure to modify our 
polyurethane ureas, synthesised in our laboratory with pol 5 fpropylene glycol (mol. wt. 
1025) as described by Shibatani et al (1977) and characterised (Sharma and Ashalata 
1982), with hydroxyethyl methacrylate (hema) using ®°Co y-irradiation to achieve the 
desired surface properties. Our polymer peuu had an initial tensile strength of 
~ 100 kg/cm^ and % elongation of ~ 157 % for a gauge length of 25-4 mm and cross 
head speed 20 mm/min, with pore size ~ 50-100 n and number of pores on the surface 
~ 5000+ 1000/cm^ as viewed microscopically. 

2. Method 

Polyether urethane ureas (peuu) are fabricated in the form of vascular grafts (5 mm 
diameter) from 30 g % solution in dimethyl formamide as described earlier (Sharma 
and Ashalata 1982). 
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These grafts are treated with acetone for-1-1 ^ hr and kept in distilled water for 24 hr, 
changing the water several times. The samples are dried under vacuum at 343°K and 
weighed. Before swelling the samples, the hema (bdh, England) was evacuated and N 2 
gas continuously bubbled through it. Samples are dipped in hema for 5 min only 
since we want only the surface modification without much penetration of hema into the 
bulk of our samples. The samples are slightly pressed between two filter papers with 
constant pressure, and irradiation is performed on these samples at room temperature 
in a ^^Co gamma chamber with a constant dose rate of 0*25 M rad/hr and strength of 
843 Rongton/hr/m for different lengths of time up to 4 hr. After irradiation, the samples 
are treated with distilled ethanol for 48 hr to remove all ungrafted hema monomer from 
the samples (Jansen and Ellinghorst 1979). 


3. Platelet adhesion 

Washed calf platelets are prepared and suspended in tyrode solution (Sharma and Lissy 
1982) for adhesion studies. The polymers under study are exposed to platelet 
suspension for 1 hr, rinsed with buffer under uniform flow for about 3 min, and the 
platelets are fixed with 2*5 % glutaraldehyde and stained with Coomassie blue G. The 
platelet density is detected using an optical microscope. Different fields are randomly 
read and averaged in a similar fashion for all samples. 


4. Evaluation of surface energy parameters 

The polymer surfaces are characterised using contact angle measurement (Zisman 
1964) with a Goniometer at room temperature. The polymer films are cleaned by 
rinsing with ethanol. The organic liquids used for the measurements are more than 99 % 
pure. The dispersion (= ( 75 )^^^) and polar (= ( 7 ?)^^^) components of surface 
energy 7 ^ are determined as described earlier (Sharma 1981b). 


S. Results and discussion 

The grafting yield and water uptake % is determined gravimetrically (Jansen and 
Ellinghorst 1979), There is no significant grafting yield up to 2 hr irradiation doses. 
Water uptake is also only ~ 3%. However '^20% grafting yield is observed, when 
irradiation dose is 4 hr and water uptake % increase up to ~ 7 %. Inherent viscosity 
(dimethyl formamide as a solvent at ^ 30°C) also increases gradually from 0*33 
(d// 9 f)non-irradiated,to 0*61 (d//^) after 4 hr ofirradiation indicating the possibility 
of crosslinking via grafting with irradiation doses. 

No significant variation is observed (i.e. within standard deviation range) in the 
number of platelets adhered (--^ 3*5 ± 0*7 in all cases). Surface energy parameters seems 
to be affected with grafting. For 4 hr irradiation dose, a, 4*6 (dynes/cm)^^^ and ft 

3*8 (dynes/cm)^compared to c- 4*9 and ft cs: 2*85 (2 hr, and 0Cs^5-\ and ft csi 3*3 
(Bare le. non-irradiated). 

Approximately 3 hr of irradiation time is required to achieve surface energy 
parameters (Xs^4'l (dynes/cm)^^^ and ftci:3 (dynes/cm)^^^ as suggested earlier 
(Sharma 1981b) for blood compatibility. Since such surfaces may absorb albumin 
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preferentially (Lissy and Sharma 1981), adhesion of platelets will also be less in in vivo 
conditions instead of increasing due to hydrophilicity (Neumann et al 1979). Further 
increased dose may also lead to physical entanglement and crosslinking of homo- 
polymerising HEMA in the peuu metrics which may be difl&cult to extract afterwards 
(Jansen and Ellinghorst 1979). 

Our future efforts will be to study in depth and extend the above studies and also 
develope biological interrelation with such concepts as described elsewhere (Nair and 
Sharma 1984) considering interaction with platelets and plasma proteins on such 
surfaces. 
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Abstract. An effort is made to study the anti-thrombogenic property of the latex of fig tree by 
immobilizing its components on nylon surface. It is also evaluated, how such surfaces may 
effect the blood compatibility by investigating variations in surface energy parameters, plasma 
recalcification time and platelet adhesion using calf’s blood. 
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1. Introduction 

To achieve a truly antithrombogenic surface the attachment of a benign layer is 
essential so that it does not, initiate blood coagulation or damage blood components. It 
has been found that the hypocratic logic (Majno 1977) of clotting of blood by the juice 
of fig tree was immaterial. Instead it has been found that in presence of the latex of fig 
tree the coagulation gets delayed considerably. Here we have attempted to evaluate this 
hypocratic logic by immobilizing the components of the latex of fig tree (Graf 1978) 
Ficus elastica on nylon surface. 


2. Experimental 

Nylon (5 g %) was dissolved in M-Cresol ( bdh, Poole England) and the films were cast 
on glass slides (2-5 x 7-5 cm). They were then dried in hot air oven at 100'’C for 2 hr, 
dipped in 10 % nitric acid for 1 min and then rinsed thoroughly with distilled water and 
again kept for drying at room temperature. Nylon is a polyamide containing h O 

I II 

-N-C- 

groups. When it is treated with HNO, some of the amide bonds break and free amino 
(NH 2 ) and acid groups (-COOH-) are generated which may link with the active 
component of the latex. Eight dry films were chosen and divided into two batches. The 
first batch containing 4 films were taken as bare siuface and the second batch , 
containing the remaining 4 films, were exposed to the latex for 15 min, washed with, 
phosphate buffer (pH 7-4) and kept at room temperature over-night. After dry ing they 
were stored in a refrigerator and were later used for contact angle and platelet adhesion 
studies. 

The contact angle for each batch of film s were measured using a Goniometer 
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Table 1. Surface energy of nylon and latex modified nylon surfaces. 


Liquids 

Vlv 

(ergs/cm^) 

Nylon (bare) 


Nylon + latex* 


Contact 
angle ± so 

7sv 

(ergs/cm^) 

VSL 

(ergs/cm^) 

Contact 
angle ± so 

Vsv 

(ergs/cm^) 

VSL 

(ergs/cm^) 

H2O 

72*5 

54±4 

50*62 

8*0 

56±5 

49*44 

8*9 

Ethylene glycol 

48 

34±2 

40*52 

U*72 

48±4 

34*51 

2*39 

Glycerol 

63 

51±3 

44*53 

4*88 

61±3 

38*87 

8*33 


Mean ygy = 45*22 ± 5*09 ergs/cm^ Mean = 40*94 ± 7-68 ergs/cm^ 
*Latex of Ficus elastica (family Moraceae). 


Table 2. Platelet adhesion and prt on latex exposed nylon surface. 



Mean platelets 


Surface 

± S.D. (0*4 mm^ area) 

prt (sec) ± S.D. 

Glass 

_ 

93 ± 5*6 

Bare (nylon HNO3 treated) 

5 + 0*82 

121 ± 4*6 

Nylon + sap 

2 ±0*71 

177+17*4 


(Kernco Instruments Co. Inc. Texas) and spectroscopically pure solvents. From the 
contact angles the values and were obtained from the conversion tables 
(Neumann et al 1980) as shown in table 1. 

Washed calf platelets were prepared and suspended in tyrode solution for the 
adhesion studies as described elsewhere (Lee and 1979). Different fields were read 

randomly and averaged for all samples as shown in table 2. 

Plasma recalcification time (prt) was . determined as described elsewhere (Sharma 
and Paul 1982). Citrated calf blood was collected and was tested for recalcification time 
under controlled pH (7*4) and temperature (37°C). Nylon coated tubes with and 
without exposure to latex as described above prt was determined and results were 
averaged as shown in table 2. 


3. Conclusion 

Usually it is observed that increase in hydrophobicity of polymer surface encourages 
adverse interaction with blood components via protein denaturation. However in this 
case where prt was delayed on nylon coated tubes which were exposed to the fig sap 
(latex), also decreased the number of platelets adhered indicating that though the sap 
decreased the surface energy ue. increased the hydrophobicity of the nylon surface, 
possibly it makes it closer to the hycjrophobicity/hydrophilicity ratio, best needed for 
blood compatibility requirements (Sharma 1981). Investigations are merely pre¬ 
liminary in nature as mentioned above which should await further biological tests for 
validity. Similar studies have been done with 1 g% buffered honey exposed to HNO3 
treated nylon surfaces also. The results are similar, although they are not as promising 
as with fig tree sap. 
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Abstract. An attempt is made to immobilize low molecular weight trypsin on nylon surface 
and to evaluate how such surfaces affect blood compatibility by investigating variations in 
surface energy parameters, plasma recalcification time and platelet adhesion using calf’s blood. 
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1. Introduction 

To achieve a truly antithrombogenic surface the attachment of a benign layer that does 
not initiate blood coagulation or damage blood elements is essential. It is known that 
albumin coated surfaces do not seem to adhere platelets (Lyman 1974) whereas y- 
globulin coatings not only cause platelet adhesion but also aggregation and release of 
platelet constituents (Packham et al 1969). An attempt has been made to demonstrate 
that enzymated surfaces (e.g, trypsin) have improved blood compatibility. 


2. Experimental 

Nylon-6 (5 g % (w/v)) was dissolved in M-Cresol (bdh, Poole England). The films were 
cast on glass slides (2*5 x 7*5 cm), dried in hot air oven at 100°C for 2 hr, dipped in 
10 % nitric acid for 1 min, and finally rinsed thoroughly with distilled water and again 

o 

kept for drying at room temperature. Nylon is a polyamide containing -nh-C- 
groups. When treated with an acid e,g. HNO3, some of the amide bonds break and free 
amino (-NH 2 ) and acid groups (-COOH-) will be generated which in turn will link 
covalently with the acid groups and amino groups of the enzyme trypsin without 
affecting its active sites. The dried films were divided into two batches. The 1st batch 
was taken as bare surfaces. The second batch was immersed in 50 mg % trypsin (difco 
Laboratories, usa, mol. wt. 24000) solution and left overnight in the refrigerator. The 
films were taken out, rinsed with phosphate buffer (pH = 7*4) and stored in the 
refrigerator for more than 4 hr. Later they were used for contact angle and platelet 
adhesion studies. 

The contact angles for each set of films (bare and trypsinated) were measured using a 
Goniometer (Kernco Instruments Co. Inc., Texas) and spectroscopically pure solvents. 
From the contact angles values for surface energy and interfacial energy were 
obtained from the conversion tables (Neumann et al 1980) and are shown in table 1. 
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Table 1. Surface energy components on immobilised trypsinated nylon surface. 


Bare nylon surface (HNO3 treated) Trypsinated nylon surface 


ids 

7lv 

(ergs/cm^) 

Contact 

angle 

±SD 

Vsv 

(ergs/cm^) 

7sl 

(ergs/cm^) 

Contact 
an^le 
+ SD 

7sv 

(ergs/cm^) 

ysL 

(ergs/cm^) 


63 

50±2 

45.08 

4.59 

35±1 

53.03 

1.42 


58 

37±1 

47.75 

1.43 

24 ±1.5 

53.29 

0.30 

lene 

>1 

48* 

25±1 

43.74 

0.23 

14±1 

46.60 

0.03 



Mean y^y = 

45.52 ±2. 


Mean y^y = 

50.97 ±4. 



es expressed ± standard deviation. 

ce the Vlv ethylene glycol is 47*7, which is not included in table value 48 has been used for 

7sl values as a fair approximation. 


Table 2. Platelet adhesion and plasma recalcification time (prt) to nylon and trypsinated 
nylon surfaces. 


Surfaces 

Mean 

platelets 

PRT (sec) 

± SD 

Glass surface 

_ 

86±2 

Bare nylon surface (HNO 3 treated) 

5±1 

92 ±9 

Trypsinated nylon surface 



(immobilized) 

3±1 

116±11 


ollowing the same procedure several tubes were also coated with nylon and some 
B trypsinated. They were used for studying plasma recalcification time (prt) as 
Tibed elsewhere (Chandy and Sharma 1983). Results are shown in table 2. 
/ashed calf platelets were prepared and suspended in tyrode solution and used for 
esion studies (Lee and Kim 1979). Different fields using an optical microscope were 
i randomly and averaged for all samples. The results are shown in table 2. 


Results and discussion 

s major advantage of immobilising an enzyme on a surface is not only to cover the 
face and xnake it passive but also to keep the enzyme in a biologically active form. 
* successful immobilisation one should consider that the enzyme must be stable 
ler the conditions required for reaction (Traven 1980). Delay in plasma recalcifi- 
ion time with a decreased number of adhered platelets (table 2), indicates its 
)roved antithrombogenicity. From our surface energy parameters (table 1) the 
luated interfacial tension (y^^) (for all organic liquids used) tends to be lower for 
ymated surfaces compared to bare surfaces, which will also be helpful in reducing 
adverse interactions (Andrade et al 1973) relatively to blood components e.g, 
)teins. Effect of changes in activity of an enzyme on the surface towards 
ithrombogenicity is under investigation. Selected enzymes, are being used to 
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immobilize onto various polymer surfaces using suitable catalysts. Our above 
investigations, are only preliminary in nature, basically, to explore possibilities in this 
area which appears to be interesting for certain enzymes suitable towards blood 
compatibility. 
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Abstract. As part of a continuing effort on crystal growth in gels, this paper describes the 
growth of large transparent single crystals of KCIO4 by the improved design. The effect of 
various anionic and cationic components on nucleation, growth and quality of these crystals 
has been studied. It has been found that a combination of KNO3 and HCIO4 as the reactants 
resulted in the best crystals in terms of crystal size, quality and inter-crystalline separation. The 
effect of various impurities on nucl^tion, growth and quality of these crystals has been 
studied. It has been found that the impurities which enhance the solubility of KCIO4 have a 
positive effect on the size and quality of the crystals. A new etchant, consisting of concentrated 
HCl and H 2 SO 4 in the volume ratio 2:3 has been found to reveal as-grown as well as freshly 
introduced dislocations. 

Keywords. Crystal growth; potassium perchlorate single crystals; growth rates; morpho¬ 
logies; dislocations; nucleation control. 


1. Introduction 

Increasing use is being made of chemical reactions in the preparation of solid-state 
materials. Two or more species react together to form the desired solid product along 
with one or more water-soluble or gaseous products. Among such reaction techniques 
(Nancollas and Rurdie 1963; Henisch et al 1965; Huber et al 1974; Patel and ^ora 1973; 
Nielsen 1964; Oxley 1966), one important technique (Henisch 1973), growing single 
crystals in a gel, has been investigated by several laboratories (Armington and 
O’Connor 1971; Brezina and Havrankova 1976; Shripathi et al 1980). The technique is 
especially useful for crystals which by virtue of their low dissociation temperatures or 
low solubilities (or both as in this case) cannot be grown from the melt^ the vapour or 
directly from solution. The gel medium prevents turbulence and remaining chemically 
inert, provides a three dimensional structure which permits the reagents to diffuse at the 
desired controlable rate. Further, its softness and the uniform nature of the constraining 
forces that are exerted upon the growing crystals encourage orderly growth. 

In the preliminary studies on the growth of KCIO 4 single crystals, Patel and 
Venkateswara Rao (1977, 1978, 1981) have reported the successful growth of these 
crystals and the effect of different gel parameters on nucleation and growth along with 
the microstructures of these crystals in gels. The present paper reports, the results of the 
detailed studies which yielded more perfect and larger single crystals of potassium 
perchlorate by using the improved design (Patel and Venkateswara Rao 1980) as the 
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Table 1. Experimental data on the growth of KCIO 4 single crystals using various crystallization apparatus and different acid-set silica gels with KNOj 
and HCIO 4 as the reactants. _ 
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growth apparatus and by using KNO3 and HCIO4 solutions as the reactants along with 
some impurities. 

2. Experimental, observations and discussion 

The experimental results reported here are an extension of earlier studies by the authors 
(Patel and Venkateswara Rao 1977, 1978, 1981) on the crystal growth of potassium 
perchlorate. Conventional preparative procedures have been employed as previously 
described. All experiments were conducted in standard 25 mm dia test tubes and the 
improved design used unless otherwise specified. On trying various reactants like 
KOH, KF, KI, KCl, KBr and KNO3 with HCIO4 set gels in test tubes, it was found that 
KNO3 yielded the best quality crystals, the optimum growth conditions for which are 
given in table 2. Some of the other experimental details and observations are 
summarized in table 1. 

The important results to be derived from the experimental data regarding the growth 
conditions are summarized below. 

(a) The optimum growth system, yielding the highest quality and largest size KCIO4 
crystals, was based on a system utilizing the improved design (figure 1) with KNO3 and 
HCIO4 as the reactive species. The growth conditions in this case are similar as in table 2 
except that the gels were prepared using 1N HNO3 and an additional amount of 120 ml 
gel solution added in the two side beakers, to prevent damage to the already set gel, 
while adding the feed solutions. The crystal products were clear and their ultimate size, 
20-25 mm on edge, was reached after about two to three months (figure 2). 

(b) The growth rates of crystals in a typical growth system are described in figure 3. All 


--12 Cm 



Figure 1. Schematic diagram of the improved design to grow KCIO4 crystals. 
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Table 2. Optimum growth conditions to obtain the best quality single crystals of KCIO 4 ■ 
using test tu^s. 


Specific gravity of sodium silicate (20 ml) 

103 

Acid added to form gel solution (10 ml) 

INHCIO4 

pH of the initial gel solution 

2-5 to 4 

Feed solution over the gel (30 ml) 

INKNO3 

Crystallization temperature 

24 to 28°C 

Gel setting time 

20 hrs 



Figure 2. A few single crystals of KCIO 4 grown by the improved design (5 mm grid). 



Figure 3. Growth kinetics of crystalline KQO 4 needles in a gel 125 hrs (curve I) and 218 hrs 
old (curve II). 
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growth rate curves obey the general relationship D = K{TY'^, where D = length of the 
crystals (cm); T = time of growth (hrs) and K = growth rate constant (cm^/hr), this 
factor is gel age dependent; its value decreased with increasing gel age. The growth rate 
curves of KCIO 4 crystals in gels follow a parabolic law which is a characteristic of a'one- 
dimensional diffusion controlled process. 

(c) The morphologies of various crystals, grown under different conditions with 
KNO3 and KCIO4. as the reactants in test tubes, have been examined optically. 
Crystals belonging to five different morphologies have been identified, as shown in 
figures 4(a)-(e). Figure 5 shows the corresponding schematic diagram of the 
morphologies. 

(d) The perfection of the KCIO 4 crystals grown has been studied by the chemical 
etching technique and electron microprobe analysis. Chemical etching, using con- 



Figure 4. Different habits of KCIO4 single crys¬ 
tals grown under different conditions (size: 7 mm 
across), (a) at very low concentrations (0*5 to N) of 
both the reactants, (b) at medium concentrations 
(0*5 to 1N) of both the reactants, (c) at very high 
concentrations (2N) of both the reactants, (d) at 
one of the reactants at higher (2 N) and the other at 
lower (0*1 to 0*4 N) concentrations, (e) at higher 
temperatures (> 35°C) and at higher concentra¬ 
tions (2 N) of both the reactants. 
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:ntrated HCl and H 2 SO 4 in the volume ratio 2:3 at room temperature (20 to 28°C) 
vealed that the average dislocation density (figure 6 ) is very low and is of the order of 
cm"^. Some small crystals (upto 6x5x4 mm^) are free of dislocations. Electron 
icroprobe analysis of the crystals indicated that there are no detectable impurities 
oto a few ppm. These facts indicate that the KCIO 4 crystals grown, by using KNO 3 
id HCIO 4 as the reactive species, are highly perfect. Figure 7 shows that the above 
chant is capable of revealing freshly introduced dislocations also. 






Figure 5. Schematic diagram of the habits shown 
in figure 4 (aH®)* 


m--j210] 

c —-{OOlj 
r {1011 



Figure 6. Etch pattern on {001} face of KCIO4 crystal with etching time 8 min x 150 . 
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Figure 7. Etch pattern of freshly introduced dislocations on {001} face of KCIO 4 
crystal x 125. 


(e) Nucleation control: In attempts to grow still larger and more perfect crystals, small 
amounts of several reagents such as concentrated HCl, HBr, HI, H 2 SO 4 , HF, HNO 3 
and CH 3 COOH were incorporated into the gel itself before setting, and it was observed 
that the addition of HNO 3 produced encouraging results. With the addition of 15 ml of 
concentrated HNO 3 solution to 300 ml of pre-set gel, with the improved design, only a 
limited number of nucleation sites developed which resulted in the growth of prismatic 
crystals upto 2*5 x 1*5 x 1*2 cm^. A few of the KCIO4 crystals grown by this method are 
shown in figure 2 . 

The d^ity of nucleation centres plays a vital role in the crystal size attainable, which 
governs the merit of the process of growth. The incorporation of a small amount of 
concentrated HNO3 solution helped nucleation to occur only at a few sites, which 
resulted in the growth of large crystals. This is due to the increased solubility of KCIO4 
in water containing HNO3 solution (figure 8 ). That the HNO3 the gel is responsible 
for the growth of large crystals was demonstrated by growing KCIO4 crystals, 
employing the reaction 

KNO3 -h HCIO4 KCIO4 + HNO3. 

1*5 N aqueous solutions of both the reactants were used, which produced crystals more 
than 2 cm long, whereas the other reactants never produced crystals as large. 


3. Conclusion 

The optimum growth system, yielding the highest quality and largest size KCIO4 
crystals, was based on a system utilizing the improved design with KNO3 and HCIO4 as 
the reactive species. 
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Figure 8. Solubility of KQO4 versus different temperature for normalities of HNO3 
solution. 


Acknowledgements 

The author is thankful to Prof. R N Patil for his kind encouragement. He is also 
thankful to Mrs A Parvathi Rao for help during the preparation of the manuscript 
The present work is supported in part by a project grant from the ugc, New Delhi. 


References 

Armington A F and O’Connor J J 1971 Mater. Res. Bull. 1 613 

Blank Z 1974 J. Cryst. Growth 26 215 

Brezina B and Havrankova M 1976 J. Cryst. Growth 34 248 

Henisch H K, Dennis J and Hanoka J I 1965 J. Phys. Chem. Solids 26 493 

Henisch H K 1973 Crystal growth in gels (Pennsylvania: State University Press) 

Huber W, Arend H and Kahr G 1974 Mater. Res. Bull. 9 1573 
Nancollas Gr H and Rurdie N 1963 Trans, Faraday Soc. 59 735 
Nielsen A E 1964 Kinetics of precipitation (London: Pergamon press) 

Oxley J H 1966 Vapour deposition (ed.) C F Powell, J H Oxley and J M Blocher (New York: John Wiley) 

p. 102 

Patel A R and Arora S K 1973 J. Cryst. Growth 18 175 
Patel A R and Venkateswara Rao A 1977 J. Cryst. Growth 38 288 
Patel R and Venkateswara Rao A 1978 J. Cryst. Growth 43 351 
Patel A R and Venkateswara Rao A 1980 J. Cryst. Growth 49 589 
Patel A R and Venkateswara Rao A 1981 Krist. Tech. 16 1007 
Shripathi T, Bhat H L and Narayanan P S 1980 J. Mater. Sci. 15 3095 



BuU. Mater. Sci., Vol. 7. No. 2, July 1985. pp. 91-93. © Printed in India. 


Third order elastic constants of hexagonal boron nitride 
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Attract. Third order elastic constants of hexagonal Boron Nitride have been evaluated 
usmg the Lannard-Jones potential. The results obtained are presented and compared with the 
only available measurement of C 333 for this material. 

Keywords. Third order elastic constants; hexagonal boron nitride; Lannard-Jones potential. 


The complete third order elastic constants of hexagonal boron nitride have been 
obtained using the measured second order elastic constants and their pressure 
derivatives. The results have been compared with available experimental results. 

The potential energy is expanded in powers of the changes in squares of the vector 
distances R{I) and R{J) 

<I> = Oo + 0'(f>(r) (^ARHI) + E 

+1 (ARW ) + 0'V(r)i(E (AR^iDr + £ (AR^(J))^ ^, (1) 

where I refers to the six nearest neighbours of boron nitride of the type and J to 

the six neighbours of different type. The operators; 

0' = ^,0" = 0'2 and O'" = 0'^ ( 2 ) 

Using the theory of deformation, the strained lattice vectors are obtained as 
R'iil) = RiiI) + '£e,jRj{I) 

j 

R'iiJ) =Ri{J) + YBijRjiJ) + W, 

j 

AR^(K) = 2'£riijRt(K)Rj{K) + 2'ZRiiK)W, 

ij i 

i i.J 

correct to the third order in the deformations. The Lagrangian strain parameters are 
defined by •' 

'/y = i (^ij + £ji + E . (5) 
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We define: 


= + ( 6 ) 

j 

In terms of these quantities the energy is invariant towards rigid rotations of the crystal. 
For K = I, W=0. Substituting for powers of AR^{K) in (1) from (4) and retaining only 
terms up to the third order in the deformation, one obtains the expression for the strain 
energy per unit volume in the undeformed state. 

The internal displacement Wi can be obtained in terms of the Lagrangian strain 
parameters by minimising the strain energy with respect to Wi. It has been shown by 
Srinivasan (1966) that to get the strain energy correct to the third order in strain it is 
enough if we get the internal displacement up to the first order in strain. 

-1 (Z RiRjRi^ jlRf, (7) 

making the lattice sums 

W; = [D/2(3)i/^](^„(8) 

and + (9) 

Substituting for Wi in the expression for the strain energy per unit volume in the 
undeformed state and comparing the resulting expression with the expression for 
elastic theory energy density, 


^ “ 9 Z ^ij,kl nij + 7 Z ^ij.kl.mn 

^ ij* kl ^ ty, kl, mn 


( 10 ) 


we get the expression for the second order and third order elastic constants as: 



29 „ ^ 

11 


8 


^11 

— 2 -Pj C 12 — 

jp, 

C 44 

= 3^’ 

^33 — 


247^ P 



301 

P 

^111 



C 222 

18 3 


256 „ 
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1 

C 333 

~ 18 


^112 

18^ 
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3 
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4 

^113 

■l8^‘^3^’ 


^123 
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^155 
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Table 1. Values of second order elastic constants (in 10“ 
derivatives of the elastic constants of hexagonal boron nitride. 

dyn/cm^) and pressure 


Cij 

^11 

Qa 

C44 

Qe 

^12 ^13 


Present work 

2*93 

3-24 

0-81 

0-91 

1-11 0-81 


Experiment 
(Green et al 1976) 

— 

3-24 ±0-3 

— 

— 

— — 


Pressure derivative 

11-63 

12-90 

2-70 

3-16 

5-31 3-69 


Table 2. Values of third order elastic constants (in 
nitride 

10“ dyn/cm^) of hexagonal boron 


^111 ^112 

^113 ^123 

^133 

^344 

C333 

^222 ^144 ^155 

Present work -49*8 -17*3 

-2-8 -3-6 

-12-9 

-12-9 

-51-7 

-60-7 -3-2 -3-2 

Experiment — — 

(Green et al 1976) 

— — 

— 

— 

~58-96±2 — — — 


D is the newest neighbour distance and V, is the volume of the primitive cell. 
Constraints like C 13 = C 44 occur because of the assumption that the forces involved 
are purely central. The pressure derivatives of the acoustic wave velocities for various 
crystal systems are given by Brugger (1965). Assuming a potential energy form of the 
Lannard-Jones type, 


<I)(r) = 



(14) 


the second and third order elastic constants have been obtained from the set of 
expression ( 11 ) and ( 12 ) respectively. 

Table 1 gives the second order elastic constants of hexagonal boron nitride along 
mth their pressure derivatives. Table 2 reports the ten third order elastic constants of 
hexagonal boron nitnde together with the only available measured value of C,, 
(Green et al 1976). 

This work is the first step in obtaining the mode Gruneisen Gammas and the ther mal 
5 xpansion of boron nitride at low temperatures. 
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A minimal network model for creep 
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Abstract. We present a minimal rheological network model for the creep function in plastic 
flow. The model has a very small number of elements—a TnaYimiim of two linear springs, two 
Newtonian dashpots and a frictional mass. No non-Newtonian dashpots or other nonlinear 
elements are invoked. A wide variety of creej)-curve shapes including those with inflection 
points across which the curvature changes sign are shown to be reproduced by the model and 
its sub-cases. 

Keywords. Rheology; mechanical networks; creep curves. 


1. Introduction 

Mechanical networks provide a very convenient phenomenological approach to the 
modelling of various kinds of rheological behaviour in solids. The most commonly used 
network elements are the Hookean spring, the Newtonian dashpot and the St. Venant 
body, which is a mass that moves under an external force against a resisting frictional 
force (Reiner 1969). All these elements are linear: the stress a and the corresponding 
strain e bear linear functional relationships to each other (the St. Venant body has a 
threshold stress below which its response vanishes, owing to the friction). Networks 
comprising only springs and dashpots suffice to model the behaviour of all anelastic 
and linear viscoelastic materials with discrete strain or stress relaxation spectra (Gross 
1968; Lockett 1972; Vinogradov and Malkin 1980). For more complicated kinds of 
deformation behaviour (such as plasticity) it is necessary to introduce also the third 
basic element in the networks. In addition, one may have to consider networks with 
nonlinear springs, non-Newtonian dashpots, as well as other elements that are less 
frequently invoked, if it is desired to extend this empirical approach to cover the 
diversity of rheological behaviour that occurs in practice. For instance, a host of 
problems in deformation kinetics may be handled with the help of non-Newtonian 
dashpots with suitable constitutive relationships between a and e (Krausz and Evrine 
1975). ^ 

As in the case of lumped-parameter electrical circuits, a given mechanical response 
function can be simulated in principle by an infinite number of networks. The 
equivalent-network approach to modelling is therefore useful in practice only if one 
minimizes the redundancy and maximizes the simplicity in each case. This task is not 
always a straightforward one, and so it is frequently not given the attention it deserves, 
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as one may gather from a perusal of the rheological literature. It would therefore be 
useful to do the following: to find the ‘minimal’ equivalent networks corresponding to 
various generic forms of mechanical response, so that one may characterize the 
materials exhibiting such behaviour by an optimal set of effective lumped parameters. 
Once these standard models are established, it becomes meaningful to compare 
numerical values of the relevant parameters for different materials in the same class of 
deformation behaviour. Such standard models are well known for anelastic and linear 
viscoelastic materials: the Kelvin (or Voigt) element, the Maxwell element, the ‘standard 
linear solid’, the Burgers model, etc. What we propose here are similar simple but 
universal models for the kinds of creep behaviour encountered most frequently in 
practice. 


2. A minimal network model for creep 

2.1 The creep curve 

In a creep experiment, the strain response to an applied stress cr(t) = (Tq 0(t) is measured 
as a function of time is the unit step function]. It is well known (see, e.g., Gittus 
1975) that most metals exhibit a creep curve that is typically of the form shown in 
figure 1. After a possible ‘instantaneous’ response, there is the primary creep region, 
associated with multiplication in the number density of a relevant defect species (such 
as dislocations). This is followed by a region of secondary creep (owing to easy glide, for 
instance), and finally a steeply rising tertiary creep prior to failure. While the physical 
mechanisms responsible for these regimes are numerous, and differ in detail from one 
material to another, the form of the curve is quite universal. It is to be noted that the 
curvature of the creep function changes sign. This is typical of plastic deformation. We 
have proved elsewhere (Krishnamoorthy and Balakrishnan 1983) that anelastic and 
linear viscoelastic materials cannot exhibit such behaviour. Networks corresponding to 
these materials must have response functions whose curvature does not change sign. In 



Figure 1. Typical form of the creep behaviour of a metal, with the regions demarcated. 
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particular, the creep function is always concave downwards (or else is linear, as in the 
extreme case of a Maxwell element). The occurrence of one or more points of inflection 
on the creep curve is thus a significant characteristic of plastic deformation that must be 
reproduced in phenomenological modelling. 

2.2 Notation 

We shall denote a Hookean spring by H, a Newtonian dashpot by N, and a St. Venant 
body by S. The basic anelastic element is the Kelvin or Voigt model, consisting of a spring 
and dashpot in parallel: symbolically, K = H\N, The visco-elastic counterpart to this is 
the Maxwell element (spring and dashpot in series), M = H-N. The strain responses 
of H, N and S to an applied stress are given, respectively, by.e = a/E, e = a/t] and 
£ = {a-ak)d(a- where £, rj and p are constants, cr, and (with a, > o-jt) are the 
threshold stresses representing the static and dynamic (kinetic) frictional forces on S. In 
what follows, it is to be understood that the steady applied stress Cq is greater than 

2.3 The model 

After some experimentation, we have found that the simplest (and yet very com¬ 
prehensive) model that exhibits a creep curve of the shape shown in figure 1 is just 
(5|M)-K. The addition of an extra spring in series will reproduce the possible 
instantaneous strain response as well, but this is a trivial feature as far as network 
modelling is concerned, and will therefore be omitted. The model is sketched and the 
network parameters are labelled in figure 2. On solving the coupled differential 
equations pertaining to the model, we obtain the following solution for the strain as a 
function of time. Let 

u = ( 1 ) 



s 


Figure 2. The basic network (S\M)-K. The parameter ^ depends on the mass and the 
physical dimensions of the St. Venant body. 
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[len 

«(i) = 8i(l) + e2(t), 


( 2 ) 


here 

■> 

( 3 ) 

id 

f 

£ 2 {t)/Oo = (1/-E2) [1 - exp (- Eit/rii)'] (4) 

3 we shall see, a remarkable variety of creep function forms is encompassed by this 
igle model and its special cases. The analysis of the solution is most transparent if 
rried out in terms of these special cases, which are also of interest in their own right. 


—f^-S^sinhutl 
“»/i \ri / J 


cosh ut + 


Special cases 

1 The model S\M and its sub-cases 

0 understand how the inflection point arises in the creep curve, let us omit the Kelvin 
ement for the moment, and consider the network S|M. The creep function is then 
(t)/((ro-o’jt). In the parameter regime ^ 0 or ^ 4^i, the creep function is 
ways concave upwards. The interesting regime is < 0, in which this is no longer 
ue. There is an inflection point at time t = t?”^ (tt ~ tan” ^ (2^it;/£i)) where u = iv. 
tie solution for e{t) remains formally the (analytic) continuation of (3) to w = iv, but 
ily in a finite range of t. It is clear that the St. Venant body cannot move in a direction 
Dposite to that of the applied stress. The incorporation of this physical consider- 
ion is the simplest way of deducing the creep function correctly at larger values 
't. The point is illustrated by removing even the dashpot in M, so that we are left with 
H. This corresponds to the limit oa in (3). (We have already specified that 
’ = — <0). The creep function is then 

fi(t)/(^o-c7,) = (l/£i)[l -cos(£J/x)^/2t] (5) 

the range 0 < r < beyond which it saturates to the value 2/Ei, as shown 

figure 3(a). 

We can recover also a monotonically increasing creep function that has the 
scoelastic asymptotic behaviour ~ t, by removing H instead of N to obtain S | N, This 
achieved by taking the limit £i -► oo in (3). We find on simplification 

4t)l(<yo-Ok) = (^l/A^^)[(^l^/;^)-1 +exp(-?jit/;^)], (6) 

hich is sketched in figure 3(b). As -► -1- oo in this case, the creep function is concave 
>wards throughout. It begins with a quadratic dependence on t and approaches a 
lear one asymptotically. We have discussed elsewhere (Balakrishnan 1979) the 
asons why a functional form like (6) may be regarded as the fundamental one for 
lear visco-elasticity, and also indicated the physical circumstances under which plastic 
)w can exhibit a similar kind of time dependence. 
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Co) (b) 

Figure 3. Creep function for (a) the network S\H; (b) the network S\N. 



Figure 4. Creep function for polycrystalline lead (Andrade and Margrave 1968), modelled 
by the network (S\H) — K. 


3.2 The model (S|H)-K and the creep of polycrystalline lead 

Polycrystalline metals sometimes exhibit a creep curve with more than one inflection 
point. A typical case is that of polyc^stalline lead (Andrade and Margrave 1968), for 
which a schematic creep curve is shown in figure 4. This behaviour is simulated by a 
special case of our basic model in which the dashpot of the Maxwell element is absent. 
The model is thus represented by (S|Jf)-X, and is attained by letting oo in the 
solution (2)-(4). The resulting creep function is directly written down from (4) and (5) 
(the comment immediately following (5) again applies). What is interesting is that upto 
two inflection points are possible in the creep curve, depending on the value of the 
parameter 
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3.3 Variants of the model 

Just as the basic network for anelasticity (the standard linear solid) can itself be cast in 
more than one configuration, so can our minimal model of figure 2, without increasing 
the number of network parameters. We may thus proceed to compute the strain 
responses of combinations like (S|K)-M, (S-X)|M, etc. and their sub-cases, in order to 
find such equivalent configurations. However, as these must lead to the same 
mechanical response functions, any one of them suffices for the purposes of 
phenomenological modelling. 
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Studies on dynamic I-V curves of semiconductor-liquid junction cells 
formed with Cdo.8Zno.2S Aims prepared at various spray rates 
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Abstract. Cdo. 8 Zno. 2 S films were prepared by the spray pyrolysis technique on glass and 
conducting glass (fluorine doped tin oxide) substrates, by spraying aqueous solutions of 
cadmium chloride, zinc chloride and thiourea. The spray rate was vari^ from 4 cc/min to 
16 cc/min. It is found that film thickness increases with increase in spray rate. The electrical and 
optical properties of the films namely dark conductivity, thermoelectric power and optical 
absorption were studied; conductivity and thermoelectric power are higher for the films 
prepared at lower spray rate (4*3 cc/min). 

Keywords. Sprayed Cdo. 8 Zno. 2 S films; spray rate; photoelectrochemical cell; dynamic I-V 
characteristics. 


1. Introduction 

A solar cell converts light energy directly into electrical energy by means of the 
photovoltaic effect. The photovoltaic effect can occur in many systems such as: the 
semiconductor-electrolyte (Heller and Vadimsky 1981; Lokhande and Pawar 1984; 
Gerischer and Ekardt 1983), the metal-semiconductor, semiconductor-semiconductor 
junctions etc. Photons with energy larger than the band-gap of the semiconductor can 
generate electron and hole pairs. If these excess electron and hole pairs are separated by 
an energy barrier system, an electromotive force is generated and when an external 
circuit is provided a photocurrent flows. The semiconductor-electrolyte interface has 
been studied earlier to understand the surface electronic properties of semiconductors 
(Morrison 1972; Many et al 1965). Recently, semiconductor electrolyte systems have 
been used to derive important information like the mobility gap and the density of 
localized states in semiconductors (Chan and Jayadeviah 1973). In the present 
investigation current-voltage (I-V) curves were studied in the dark to understand the 
charge transfer across the junction. I-V curves were analysed by using the Butler- 
Volmer equation. The effect of spray rate on the equilibrium current density Iq, and the 
symmetry factor jS, is described. 


2. Experimental 

Cdo. 8 Zno. 2 S films were prepared by spraying equimolar (0*2 M) solutions of CdCl 2 , 
ZnCl 2 and thiourea in appropriate volume ratio to obtain the Cd:Zn ion ratio 4:1, and 
the CdZn:S ratio 1:1. The substrate temperature was maintained at 400°C. The 
substrates used were ultrasonically cleaned microslides and fluorine-doped tin oxide 
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I glass [fto 16-2Q/n]. The films were prepared with five different spray rates 
g from 4*2 cm^/min to 16 cm^/min. An air compressor was used to atomise the 
and the films were allowed to cool rapidly after spraying to avoid oxidation 
I cooling. 

: photoelectrochemical cells Cdo-eZno-iS/l M NaOH-1 M Na 2 S-l M S/C were 
d by using films prepared at different spray rates and denoted by P4-3» P7*2> Pll> 
and Pi6, where the subscript denotes the spray rate. Dark I-V curves were used 
ermine the equilibrium current density 1q and symmetry factor fi. 


:esults and discussion 

ilms though prepared at different spray rates are uniform and adhere to the 
rate. However, film thickness increases with increase in spray rate (figure 1). The 
:ion of film thickness at high spray rate is attributed to (i) the short spray-time and 
e relatively low evaporation at higher spray rates. 

e dark conductivity (a) was measured as a function of spray rate. It is found that a 
ases with increase in spray rate. The decrease in dark conductivity is attributed to 
)oor crystallinity of the films at higher spray rates. Thermoelectric power 
urement data were used to determine carrier concentration as described by Uplane 
Pawar (1983). Mobility was determined by using the relation 

( 1 ) 

e n is the carrier concentration, p the mobility and the other terms have their usual 
ling. It is found that mobility decreases with increase in spray rate and is attributed 
e decrease in the intergranular barrier height. Optical absorption of the films was 
led within the wavelength range between 700 nm and 400 nm. Optical bandgaps 
determined from the {ahv)^ versus hv plots and no change was observed in the 
Igap with spray rate. 

lotoelectrochemical cells were formed by using the films prepared at different 
y rates. The dynamic /-F characteristics in the dark were studied for all the cells, 
re 2 shows dynamic I-V curves for typical cells. The dynsunic I-V curves are 



Figure 1. Variation of film thickness with spray 
rate. 
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analysed by using the Butler-Volmer equation (Bockris and Reddy 1977) 

I = /o{exp[(l -^VF/RT-\-sxp\_(-pVF)/(RT)]} (2) 

where Iq is the equilibrium exchange current density, p the symmetry factor, V the over 
voltage, R the universal gas constant and F the Faraday’s constant. If jS = 0*5, the / 



Figure 2. Dynamic I-V characteristics in the dark for typical cells S 4.3 and Sig. 



Figure 3. Plot of log / versus V for typical cells 84,3 and Si^. 
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spray rate 


Figure 4. Variation of equilibrium current density, /©, and symmetry factor, as a function 
of spray rate. 


versus V curve becomes symmetric suggesting that the interface does not rectify the 
:unent. However, if p 0*5 the I‘V curves are non-symmetrical and the interface 
hows rectification properties. The /-K curves in figure 2 are not symmetrical and thus 
he interfaces have rectifying properties. 

The symmetry factor, P, and the equilibrium current density, Jq, were determined by 
ipplying the high field {V > 100 mV) approximation to (2) and it can be written as: 

/ = /oexp[(l-^)FK/iir]. (3) 

rhe symmetry factors P are determined from the plots of log / versus V (shown 
n figure 3) and the values of are obtained by extrapolation of the plots of log / 
Lgainst V to the log I axes. The values of Iq and P are plotted as a function of spray rate 
n figure 4. It is observed that the equilibrium current density increases with increase in 
ipray rates and this may be attributed to the poor crystallinity of the film and the 
presence of pin holes at higher spray rates. No systematic variation in p was observed 
vith spray rate. 
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Charge reversal in cadmium sulflde in diffusion controlled pattern 
formation process in agar gel 
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Abstract. Investigations were carried out to obtain the experimental conditions for the 
formation of a diffusion controlled revert pattern followed by a direct spatial pattern of bands 
in agar gel. The formation of revert to direct periodic pattern in the same tube is explained on 
the basis of adsorption, electrical double layer and charge rever^l. On the basis of dlvo and 
Shin Ohara’s theory, surface potential is calculated. 

Keywords. Pattern formation; cadmium sulfide; adsorption; flocculation; charge reversal; 
agar gel. 


1. Introduction 

The precipitation of weakly soluble salts in aqueous solution is produced by diffusion of 
one of the constituent ions into an initially homogeneous solution containing another 
ion necessary for precipitation. Depending on the parameters, well defined visible 
bands of precipitate divided by apparently clear zones are formed. The pattern 
formation was first observed by Liesegang (1896) in a silver chromate system in gelatin. 
The interspacing between successive bands of precipitate increases as the order of the 
band from the interface increases. This type of pattern formation is popularly known as 
the direct type of Liesegang bands (Gnanam et al 1980; Muller et aX 1982). A few 
substances like silver chromate, ferricyanides of ferrous, nickel, cobalt and copper 
(Mathur and Ghosh 1958) have rarely been precipitated in a different manner in which 
the intermittent space between successive bands decreases as the order of the band 
increases and this formation is known as revert bands. Hedges and Henley (1928), 
Mukherjee and Chatterji (1930), Packter (1955), von Hook (1937) and Kanniah el al 
(1981), have obtained such revert patterns of various substances in gel media. 

Singji et al (1971) and Hatschek (1925) have observed direct spatial patterns of pre¬ 
cipitation of cadmium sulfide in gelatin. Periodic precipitation of cadmium sulfide was 
obtained by Daus and Tower (1929) by mixing sodium sulfide of 0*4 to 1N with the gel 
and having 0-8 to 2 N of cadmium chloride as supernatent electrolyte. In this article we 
describe a unique observation made by us in cadmium sulfide which exhibits a spatial 
periodic pattern of revert followed by the direct system in the same tube. Kanniah et al 
(1981) have reported similar observation for silver iodide sol. But none of them have 


* To whom all correspondence should be addressed. 


105 



106 


N Palaniandavar et al 


observed revert to direct in the same tube for a semiconducting substance like cadmium 
sulfide. The experimental conditions for conversion of patterns from revert to direct 
periodic bands have been investigated. An attempt has been made to explain this 
phenomenon on the basis of adsorption, charge reversal and flocculation. 


2. Experiment 

Agar gel of 0*6 % by weight has been prepared as reported by Gnanam et al (1980). 
Varying amounts of cadmium chloride ranging from 0*004 to 0*01 M were dissolved in 
agar and pH adjusted in the range 1-5-2-14 by hydrochloric acid (Palaniandavar et al 
1984). The outer electrolyte, ammonium sulfide solution of concentration 0*734 to 
2*935 M, was taken over the set gel and a revert pattern observed. When the pH of the 
gel impregnated with 0*005 M of cadmium chloride was 138 and the concentration of 
the outer electrolyte ammonium sulfide 1*467 M, revert followed by direct spatial 
pattern was observed. The position of the bands from the gel boundary was measured 
by cathetometer. 


3. Results and discussion 

When the supernatant electrolyte ammonium sulfide, which is many times greater in 
concentration than the innner electrolyte cadmium chloride, diffuses into the gel 
impregnated with cadmium chloride, cadmium sulfide sol is formed as per the 
irreversible reaction 

CdCl2 + (NKU)2S - CdS + 2 NH4CI. 

Cadmium sulfide sol is negatively charged owing to the preferential adsorption of 
sulfide ion (Weiser 1938; Sen 1925). In addition to cadmium sulfide sol, the strong 
electrolyte ammonium chloride is also formed as a parasitic electrolyte. As more and 
more outer electrolyte diffuses, the sol front advances, spreading the sol region, and 
thereby increases the ionic environment. Thus the electrical double layer formed 
around the colloid particle is crowded with sulfide, chloride and ammonium ions. As 
the ionic concentration reaches a characteristic value, the electrical double layer is 
compressed and C potential is reduced to a minimum and flocculation is triggered. 

According to Shinohara’s theory (1970) the characteristic concentration which is 
responsible for flocculation can be given as 

r = Cio{l-[G(fci)/G(k)]}. (1) 

where C|o is the concentration of ammonium sulfide, 

G(/J) = (l/(27t)^^^) J exp(-i;j^)d>7, (2) 

p = k or ki,k = k/p and p = (x.+i/x„), (3) 

where x„ is the position of the nth band from the gel boundary, p is known as spacing 
coefficient and k is called the front constant which can be estimated using Adair’s 
equation (1970). 
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Due to the imposed concentration gradient of the outer electrolyte, the surface 
potential ('Fq) progressively decreases from the gel boundary and hence the zeta 
potenial is lowered below a critical value which allows the agglomeration of particles 
into aggregates that precipitate out. The lowering of zeta potential is effected by 
contraction of the double layer by specific adsorption of hydrolysed ammonium ion 
(Yoder et al 1980; Napper and Hunter 1975). Hence, when the concentration of 
ammonium ions attains a critical value, the negatively charged cadmium sulfide sol is 
flocculated and the first band is formed. 

As diffusion proceeds further downwards, the surface potential and hence zeta 
potential progressively decreases leading to a decrease in the flocculation value 
(Voyutsky 1978). Thus bands are successively formed and the interspacing decreases 
resulting in the formation of revert periodic structure. 

The relation connecting the surface potential 'Fq and the characteristic concentration 
r at which flocculation is triggered may be derived on the basis of the Derjaguin- 
Landau-Verwey-Overbeek theory of the stability of colloids (Vervey and Overbeek 
1948). The sol particles are assumed to be comparatively large and flat faced so that they 
may be approximated as flat plates. The total potential energy of interaction between 
the sol particles is 

V = i6nckTla)y^ e^^^ - {A/4&7iS^) (4) 

where c is the concentration of the electrolyte per cubic centimeter, 

OL = l&nczh^/^kTy^\ 

y = [exp (ze^ol^kT) - l]/[exp (ze^'o/^kT) -h 1], 

4 —Hamker’s constant, <5-half the distance between the particles, ^-dielectric 
constant, /c-Boltzmann constant, 2 -valency. 

dV 

For flocculation — = 0 (5) 

do 

Differentiating (4) and applying the condition for flocculation, we can obtain 
characteristic concentration for flocculation as 

r = (8 X 10-”'FS)/(^^22)mmoldm-^ (6) 

where 'Po is expressed in millivolts. 

From the elementary double layer theory, the surface charge Uq be calculated 
using the equation 

^0 = 0-05 X 10^ sinh'^ [<To/ll-74(r)^/2]. (7) 

Due to continuous downward diffusion of sulfide ion from the interface, the 
concentration decreases gradually and the rate of decrease of potential with distance 
increases more rapidly (Krylov and Levich 1963); a stage is reached at which the charge 
of the sol is neutral. This represents the isoelectric region which indicates a transition 
from the revert to the direct system. 

Below the transition zone the concentration of sulfide ion is very low and the sulfide 
ion undergoes hydrolysis S^"+H 2 O ^ HS"+OH” (Moeller and Connor 1972). 
Herice the effective charge on the surface is reversed to positive (Anderson and Rubin 
1981). The concentration of cadmium chloride is uniform throughout the gel and is also 
complexed as CdCF, CdClj and Cd^-" (Miffs and Hertz 1982; Hamer 1959). In 
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addition to this, amm onium ion causes a significant enhancement in their adsorptivity 
and consequently influences the reversal of negatively charged sol to positively charged 
sol (Shaw 1970). On account of the positive charge of the sol, the potential of the 
particle is now positive and the sulfide ion acts on the diffused portion of the double 
layer. More and more sulfide ion is required to compress the double layer to produce 
flocculation. Hence the first band is formed at a point at which the characteristic 
concentration is reached after transition. 

After the formation of the first band, the positively charged cadmium sulfide sol is 
formed as before. More and more sulfide ion has to diffuse for the onset of flocculation. 
Therefore, the next band is formed at a greater distance with successively increasing 
interspace leading to the formation of direct periodic bands. The colour of the band is 
light white-yellow which can be attributed to the inclusion of chloride ions. 

The characteristic concentration F of the outer electrolyte to initiate flocculation has 
been computed from Shinohara’s theory. The extrapolation (figure 1) between F and 
the position of the band shows the trend of decrease of F in the negatively charged sol 
region and then the increase in the positively charged direct pattern region. Figure 2 
gives the relationship between the surface potential and the distance of the bands from 
the gel boundary. The portion AB in figure 2 represents the revert spatial structure and 
CD the direct structure. Whenever the surface potential is low, the sol is least stable 
(Lyklema 1977). The flocculation value is much less. The portion BC denotes this 
transition region where the surface potential decreases, attains zero at the point M and 
then increases in the positive region. The point M represents zero point charge which is 
the transition point for cadmium sulfide. 



Figure 1. The flocculation value (calculated) vs the position of the band. 
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Figure 2. Dependence of surface potential (calculated) on the position of the band from the 
gel boundary. 


4. Conclusion 

The reversal of charge of cadmium sulfide is explained on the basis of adsorption and 
hydrolysis. The formation of revert to direct is due to the reversal of charge from 
negative to positive. 
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Variation of electrical properties in sepiolite during dehydration 
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Abstract. The dielectric constant (K), loss (tan and AC conductivity of a repiolite sample 
have been measured as a function of frequency in the range 10^-10”^ Hz and in the temperature 
region 30-400°C. The DC conductivities of hot pressed pellets were measured in the 
temperature range 30-550°C. K and tan^ of these samples decrease with increasing frequency. 
Results of these measurements have been correlate with the structural transformation 
accompanying dehydration, making use of dta, ir and x-ray data. The moderately large value 
of activation energy 2-2 eV) in the intrinsic range suggests that the conduction process is 
most probably associated with ions. 

Keywords. Sepiolite; dielectric constant and loss; electrical conductivity; dehydration. 


1. Introduction 

Sepiolite is a fibrous chain silicate clay mineral of great commercial value with ideal 
structural formula Sii2Mg803o(OH)4(OH2)48H20 for half unit cell. The crystal 
chemical state of water molecules in this mineral can be classified, beside the 
hygroscopic, into three distinct groups viz. zeolitic, bound and hydroxyl water 
designated as H 2 O, OH 2 and OH respectively, which play a dominant role in deciding 
its physico-chemical properties and dehydration characteristics (Nagata et al 1974). 
One of the most potential uses of this mineral is as insulating material like asbestos. It is 
well established that electrical conductivity and dielectric constant are the two most 
significant parameters in determining the electrical behaviour of a mineral (Keller 
1966). However, it appears that no serious attempt has been made to date, to an 
in depth study of the electrical properties, especially in relation to dehydration 
transformation of this potentially useful mineral. Hence, an attempt has been made to 
study the temperature and frequency variations of the different electrical parameters of 
a sepiolite sample and to correlate the results with the structural transformation 
accompanying dehydration, making use of dta, ir and x-ray data. 


2. Experimental details 

A specimen of sepiolite from Minas de Gador (Spain) was used for the present 
investigation. The results of chemical and thermal amdyses have already been reported 
(Lokanatha and Bhattacherjee 1985). The chemical data conform to the structural 
formula (Si„.„Al^^e^i) (Mg,,(„Fe^+Tio^j) 032Ca^,, for the half unit ceU. The dta 
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; shows four broad endotherms around 110-200, 310-420, 450-600 and 800°C 
ctively, followed by an exothermal peak at 830°C. Sample preparation and 
urement of electrical properties were carried out by adopting the same method as 
rted (Lokanatha and Bhattacherjee 1984b). 


Jesuits and discussion 

Its of investigations are illustrated in figures 1, 2 and 3. It is seen that in general 
dielectric constant (K) and loss (tan 5) decrease with frequency, having larger 
;s at lower frequencies (figure 1). The values of K and tan <5 at 10® Hz are found to 
2 and 0-185 respectively, which are quite comparable with those of other chain 
ite minerals like amphiboles and palygorskite (Lokanatha and Bhattacherjee 
a,b; Mukherjee et al 1978; Vijayasree et al 1976). However, both K and tan5 
sase upto 150°C and thereafter remain constant upto 250°C, beyond which both 
sase again with rise of temperature (figures 2a and b). 

smperature variations of ac and dc conductivities above 200°C are shown in 
e 3. Variational pattern of dc conductivities can broadly be divided into three main 
;s. The first stage extends up to 200°C; the conductivity with a slight initial rise upto 
’ falls sharply upto 200°C, thereafter in the second stage it increases gradually upto 



Figure 1. Variation of dielectric constant (K) and loss (tan S) with frequency at room 
temperature (~ 30°C). 
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Tampcraturc (®C ) 


Figure 2, a. Variation of dielectric loss (tan S) with temperature at different frequencies, 
b. Variation of dielectric constant (X) with temperature at different frequencies. 


380°C, above which it is found to remain constant upto 450°C, and then increases 
sharply with rise of temperature. Since the first stage is associated with the elimination 
of the loosely bound and randomly distributed adsorbed and zeolitic water around this 
temperature, as is evidenced by dta and the cooling curve, and does not yield any useful 
information on lattice transformation, the corresponding part of the curve has not been 
reproduced. The variations of ac conductivities with temperature corresponding to 
different frequencies follow a more or less similar three stage pattern. However, the ac 
conductivities at any temperature are found to increase with frequency and are also 
greater than the corresponding dc due obviously to the contribution of various types of 
polarization (Lokanatha and Bhattacherjee 1984a, b; Rao and Smakula 1966). Like 
(TDC, tTAC also increases above 200'’C, the rate of increase however, being higher at 
lower frequencies when the bound water (OH 2 ) starts escaping from the lattice as 
observed by dta and ir measurements (Lokanatha and Bhattacherjee 1985; Serna et al 
1975; Hayashi et al 1969). 
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Figure 3. Variation of ac and DC conductivities with inverse temperature. 


It is well known that when a solid is placed in an electric field, the movement of charge 
carriers and their accumulation at the interfaces of the sample and the electrodes, in 
addition to the various types of polarization, will play a dominant role (Rao and 
Smakula 1966). In fact, the variation of K and tan 5 with temperature and frequency will 
be indicative of the type of polarization present. It is also well established that the 
different types of water present in sepiolite as mentioned earlier escape at different 
temperature as revealed by dta. These water molecules also play a dominant role in 
controlling the thermal behaviour of the electrical properties especially at lower 
frequencies. 

Consequently the high values of K and tan^ at lower frequencies and room 
temperature can very well be attributed to dipolar and space charge polarizations due 
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the hygroscopic and zeolitic (H 2 O) water present at this temperature. The rapid fall 
K and tan (5 upto 150°C is obviously due to the expulsion of zeolitic water resulting in 
:rease of dipolar polarization. However, the rise of K and tan 5 values above 250°C, 
rticularly at lower frequencies, is most likely due to the space charge polarization 
sing from various types of impurities and the lattice defects which are invariably 
ssent in this sample (Lokanatha and Bhattacherjee 1985). 

The DC conductivity curve too, like the aAC, demonstrates the existence of a three 
Lge dehydration process consistent with dta, x-ray and ir measurements. The first 
Lge which extends upto 200°C, and is marked by a sharp fall corresponds mainly to 
3 expulsion of the hygroscopic and zeolitic water. The second stage with an initial rise 
ito 380°C followed by a nearly constant region spread over 380-450"’C is associated 
th the anhydride phase resulting from removal of half of the bound water (OH 2 ) as 
»served by earlier workers (Nagata et al 1974; Serna et al 1975; Hayashi et al 1969). 
le second stage corresponds to the second endothermal peak in the dta curve. The 
isence of these steps in the cooling curve clearly demonstrate the validity of the 
asons attributed to for this type of behaviour. The third step starts from 450°C 
iward and is associated with the true anhydride phase formed by the removal of 
maining bound water corresponding to third endothermal peak in the dta. These 
jservations are quite in conformity with the x-ray, dta and ir measurements (Hayashi 
al 1969). 

Consideration of the cooling curve and comparison of the results with those of 
ucturally similar minerals, lead to the conclusion that the increase of dc conductivity 
the intrinsic range is due mainly to the increase in mobility of ions. The variation of 
conductivities is connected to the different types of polarization which are 
ponsible for the higher value of oac compared to <jdc values at corresponding 
iperatures (Lokanatha and Bhattacherjee 1984b). This behaviour is consistent with 
dielectric measurements. The tendency of ac conductivities to merge with the dc 
iductivities at higher temperature clearly shows that the charge carriers in both the 
es are the same in this temperature range. Further, these measurements reveal that 
stepwise variations of electrical properties can very well be correlated with the 
lydration transformation in this mineral. 
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Abstract. Electrical conductivity of lead tin monoxide has been measured as a function of 
composition (x), temperature and electric field. Heat treatment of samples in vacuum produces 
an irreversible increase in conductivity and is probably due to chemisorption of oxygen. The 
thermal activation energies in screen printed layers have been found to be lower than that in 
pressed pellets and is considered to be due to more grain boundaries being present in the 
former. The non ohmic electrical conduction in pellets follows J cc V" relationship where n 
ranges between 2 and 1-25 for different compositions and temperatures. The theory of space 
charge limited currents (sCLC) in defect insulators has been invoked to explain the observed 
results. 
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1. IntroductioD 

Mixed lead tin monoxide layers are used as target material in Vidicon and Plumbicon 
tubes. The stable tetragonal tin monoxide is isomorphous with tetragonal lead 
monoxide. The physical properties of the mixed oxide crystals and layers have been 
studied by several workers (Czapla et al 1978; Takeuchi 1975; Vandenbroek and Netten 
1970; Vandenbroek et al 1969). Studies of photo conductivity and reflection spectra 
(Vandenbroek et al 1969) on mixed oxide crystals, obtained by the chemical 
precipitation method show that the energy gap decreases from 1-94 to 0-62 eV with 
increase of SnO concentration. Similar optical studies have also been conducted on 
vacuum deposited films (Takeuchi 1975) and on sputtered layers (Czapla et al 1978). 
Electrical conductivity and dielectric properties of pure PbO (Kuznetsova et al 1917; 
Gasamov 1976; Malinova and Myasnikov 1976) and pure SnO (Agarwal and Saxena 
1981,1982a, b) thin films have been extensively studied. However, little work has been 
done on the dark electrical conductivity of mixed lead tin monoxide. This paper reports 
the results of experiments on electrical conductivity of (PbO)i (SnO)^^ as a functionx)f 
temperature, composition and electric field. 


2. ExperimeDtal 

Mixed lead tin monoxide layers (~ 2 to 5 /un thick) have been prepared by screen 
printing a paste of PbO (BDH 98 % pure) and SnO (Burgoyne 98 % pure) fine powders 
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(grain size < 5 /zm) in propylene glycol (binder) on to cleaned coming 7059 glass 
substrates supplied with semitransparent Sn 02 electrode using a circular mask having a 
diameter 1*5 cm. After drying and sintering the layers at 530 K for two hours in N 2 
atmosphere, circular (dia. 1 *0 cm) aluminium (Al) electrodes are deposited by vacuum 
evaporation at a pressure of 5x10"^ Torr to form Sn02/(Pb0)i_;c(Sn0)x/Al 
sandwich systems. Current through the specimen is measured by using an electrometer 
amplifier of range 10”^^-10"^ amp. dc biasing was done by an electronically regulated 
power supply having regulation better than 0*01 %. The temperature of the samples 
have been measured by precalibrated chromel-alumel thermocouples connected to a 
digital panel voltmeter of range (199 ± 0*01) mV. While taking observations at different 
voltages suf&cient time was allowed for the specimen to attain a stable temperature. 
Finally electrical conductivity as a function of composition (x), temperature and electric 
field was studied. The observations were found to be reproducible. 

Al/(PbO)i _ jc(SnO)x/Al systems have also been prepared by vacuum deposition of Al 
on the top and bottom surfaces of 2-3 mm thick pellets. The latter were obtained by 
pressing oxide mixtures at a pressure (P) of (2-4*6) x 10*^ kg/m^, sintering at 530 K in 
N 2 atmosphere for two hours and finally lapping off and polishing of the surfaces. 
Electrical conductivity, for different compositions, as a function of temperature 
(300-400 K) and electric field at 77 K and 300 K have been investigated. 


3. Discussion 

Figure 1 shows the variation of resistivity (p), of mixed oxide layers and pellets 
(P = 4 X 10^ kg/m^), with x at 300 K. For layers p decreases continuously from 
2*1 X 10^^ to 4*4 X 10^ ohmm as x changes from 0 to 0*6 and for pellets it decreases 
from 1*3 X 10^ to 5*6 x 10^ ohmm as x changes from 0 to 1. The electric transport 
through inhomogeneous mixture can be described by effective medium theory, 

EMT (Bruggeman 1935), which has been applied by different workers to calculate the 
composition dependence of resistivity (p) of As^^Tei-^ films (Ast 1974), bulk 
chalcogenide glass (Shimakewa and Nitta 1978) and bismuth doped chalcogenide glass 
(Tichy et al 1985). According to this theory the compositional dependence of p of a 
mixture is given by 

p - ^ _( 1 ) 

Pdix^-i)+P2i3x,-i)+{[pd-iXi-i)+p2(3x,-i)y+sp,p^Y>^ 

where pi and p 2 are the resistivities of components with volume fractions Xi and Xj 
respectively. 

The observed resistivities of the pellets along with the calculated values using (1) have 
been inserted in table 1. Close agreement between the experimental and calculated 
values suggests that the variation in resistivity with composition for pellets can be 
explained by effective medium theory. Conductivity is found to increase linearly with 
the pressure (P < 4*6 x 10^ kg/m^) appUed for preparing the pellets. 

Figure 2 depicts the representative plots between log a and 10^/P for pellets 
(P = 4 X 10^ kg/m^) having x = 0*2 during heating-coohng cycles. It is evident from 
the graph that heat treatment of samples in vacuum (5x10"^ Ton* pressure) and in air 
(1 atm) produces an irreversible increase in conductivity as temperature increases. On 



Layers 


Pellets 


X 

£.(eV) 

(To (ohmm)"‘ 

£.(eV) 

o-Q (ohmm)"^ 

a„p (ohmm) 

Pemt (ohm m) 

0 

0-212±(M)15 

1-468x10'* 

0384 ±0-0007 

2-609x10'* 

1-313x10* 

1-313 X 10* 

0-1 

0-274 ±0-005 

4-825x10'* 

— 

— 

_ 

_ 

0-2 

0175 ±0-013 

1-235x10'* 

— 

— 

3-268 X 10* 

5-952 X 10* 

0-3 

0-224 ±0-004 

4-744x10'* 

— 

-- 

_ 

_ 

0-4 

0-218 ±0-003 

4-067 X 10'* 

0-327 ±0033 

1-429 X 10'* 

1-740 X 10’ 

9-108 X 10* 

0-5 

0-223 ±0-003 

4-996x10'* 

— 

— 

_ 

_ 

06 

0-116±0-006 

1 

o 

X 

0-641 ±0047 

5-199x10'* 

3-827 X 10’ 

1-603 X 10* 

08 

0-103 ±0-005 

2-824x10'* 

0388 ±001 

1-224x10'* 

1-154 X 10* 

8-553 X 10* 

1-0 

— 

— 

0538 ±0007 

1-283 X 10* 

5-747 X 10* 

5-747 X 10* 


cooling, the conductivity remains higher in vacuum and becomes lower than the ini tial 
value in air. These results are understandable on the basis that heat treatment in air 
leads to chemisorption of oxygen and further diffusion into grain boundaries and thus 
to an enhancement in barrier height, thereby lowering the conductivity. On the 
contrary, heat treatment in vacuum leads to a desorption of oxygen from grain 
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Figure 2. Variation of log a with IQ^/T for (PbO)o.8(SnO)o.2 pellet. 


>un(laries resulting in a lowering of barrier height and increase in conductivity, 
milar effects have been observed in tin oxide films (Shanthi et al 1980). 

Observed data for temperature dependent conductivity (tr versus T) in the cooling 
ode have been used to estimate the thermal activation energy of electrical conduction 
lich is given by the expression 

ff = ffoexp(-£„/fcBr) (2) 

aere a is electrical conductivity, kj the Boltzmann constant and T the temperature of 
e specimen. The values of £„ and CTq calculated by the least square fit method using (2) 
e given in table 1. 

It can be seen that the values of (Tq (table 1) change from 2-609 x 10~* to 1-283 x 10‘ 
hmm)"^ in pellets and from 1-468 x 10”* to 2-824 x 10”® (ohmm)”^ in layers as x 
langes from 0 to 1. The observed increase in Oo with x in pellets may be attributed due 
O 2 vacancies at grain boundaries and is supported by the fact that observed 
tivation energies in the samples is about 0-38 eV which is in agreement with the value 
32 eV for O 2 vacancies (Haskova 1973). The observed reverse trend in layers suggests 
e absence of O 2 vacancies and the decrease in (Tq with x is possibly due to adsorption 
'O 2 at the grm boundaries which is in turn supported by the fact that observed £« 
ilues are in general dififerent from those for O 2 vacancies. It may be remarked here that 
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V(Volt) 


Figure 3. J-V characteristics of SnOi/(PbO)i .»(SnO),/Al layers at 300 K. 


the present values in screen printed mixed layers are close to those reported for 
vacuum evaporated SnO films (Agarwal and Saxena 1982a). 

Figure 3 represents the J-V characteristics of Sn02/(Pb0)i _,(SnO)jj/Al layers at 
300 K for values of x varying between 0 and .0-5, on a semilog graph. The current first 
increases rapidly with increase of voltage and then saturates at about 100 volts. Such 
diode characteristics occur due to the presence of interparticle barriers (Slater 1956). A 
similar trend haS been reported in vacuum evaporated PbO-PbS films (Kumar et al 
1980) and chemically sprayed PbS films (Tyagi et al 1977). 

Figure 4 depicts the J-V characteristics of Al/(PbO)i _*(SnO)x/Al pellets 
(P = 4 X10’ kg/m^)at 77 Kand300 K. For low voltages the conduction is ohmic while 
for high voltages current density obeys J <x.V” dependence; the values of n are as given 
in table 2. 

It may be noted that at 77 K the current density obeys square law dependence on 
voltage (n a 2) for all samples while at 300 K only samples with x < 0-6 obey this 
dependence. 

To understand the mechanism involved in the observed J ocV^ dependence we first 
plotted log JjV^ versus 1/Fand obtained nonlinear curves (not shown). It suggests that 
the observed behaviour can not be explained by the tunnel effect of the Fowler- 
Nordheim type. Similar attempts to explain the observed behaviour on the tragic of 
Poole Frenkel effect [log (J-Jo) versus V^'^'\ and exponential trap distribution 
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Figiire 4. J-V characteristics of Al/(PbO),.,(SnO),/Al peUets. 


Table 2. Values of n in J oc F" dependence 


V 

0 

0*2 

0*4 

0*6 

0*8 

1*0 

r\ 







71K 

2*05 

1*80 

1*73 

1*80 

1*80 

1*88 

300 K 

1*88 

1*73 

1*53 

1*66 

1*23 



(logj/v versus V) yielded negative results. Here J and Jq are the total and ohmic 
current density respectively in the sample. 

The other possibility to explain the observed J-Fcurves is on the basis of the shallow 
trap model (Rose 1955), according to which current density J is given by 

(3) 

where g. is the mobility, e, the relative penmttivity of medium, Sq the permittivity of free 
space, s the thickness of the pellet, V the applied voltage and 6 the ratio of the free 
electrons to trapped electron density is given by 

e = ^exp(-E./k^) 


( 4 ) 
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where is the density of free carrier states in the conduction band, N, is density of 
shallow traps positioned at an energy E, below conduction band and Kg the Boltzmann 
constant. It was assumed that free space charge density is negligible in comparison to 
the trapped space charge density (6 ^ 1). 

The plots of (J-Jo) and ^ on log-log scale at different temperatures and for 
different compositions (Figure 5) are straight lines suggesting the suitability of the 
model. The slope of these straight lines (J/V^) have been calculated using the least 
square fit method. 

Using these values of slopes (3/V^) and Sq = 8-85416 x 10“^^ F/m, /r = l-2 
X 10“^m^/Vsec (Keezer et al 1968, assiuning it to be independent of x), in (3), the 
values of 0 have been calculated and are given in table 3. The relative permittivity of 
medium (e,.) of the pellets are determined experimentally at 300 K and 10 kHz 
frequency, using an lcr bridge (Systronic make). The obtained values are given in table 
3 and are fed into (3) to calculate 0. Transition voltage (Vj.) at which ohmic 
conduction changes into non o hmi c conduction (Lamport et al 1959) is given by 


CHqS^ 


(5) 



Figure 5. Variation of (J—Jq) with for Al/(PbO)i_,(SnO),/Al pellets. 
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Table 3, The values of 0 and Wq 


X 

a, at 300K 

T 


0 

Ho X 10 (m“^) 

0 

22-0 

77 K 

160 V 

6-2973 X 10-“ 

3-0923 



300 K 

96 V 

1-4113x10-’ 

4-1582 

0-2 

26*7 

77 K 

130 V 

7-6644 X 10-“ 

2-7788 



300 K 

90 V 

6-119 xlO-’ 

1-5359 

04 

38-5 

77 K 

120 V 

5-7412 X 10-“ 

2-1998 



300 K 

7*0 V 

6-0972x10-’ 

13-6046 

06 

37-4 

11K. 

120 V 

2-0335 X 10-“ 

1-9447 



300 K 

50 V 

9-7946x10-’ 

39-0406 

08 

32-8 

11K 

120 V 

4-8348 X 10-“ 

2-8743 , 

10 

23-9 

11K 

llOV 

1-2358 X 10-’ 

3-4686 


where e is the electronic charge and Mq the density of volume generated free carriers. The 
transition voltages obtained from J-V characteristics (figure 4) are fed into equation 5. 
The obtained values of Vj. and Wq are given in table 3. The observed increase in the value 
of Mo for X = 0-4 and x = 0*6 may be attributed to the decrease in the band gap of 
mixtures (Vandenbroek et al 1969) as SnO concentration increases and the effect is 
enhanced with the increase in temperature. The ratio 0 of density of free electrons (wq) 
to trapped electrons (Wf) is very small (0 1) in the samples (table 3) hence the observed 

J-V curves are explainable on the basis of a shallow trap model. 


4. Conclusions 

Chemisorption of oxygen is responsible for the decrease in electrical conductivity of 
lead tin monoxide during heating in air and desorption of O 2 increases the conductivity 
in vacuum. The thermal activation energies of screen printed layers are low in 
comparison to pressed pellets. Nonohmic conduction in pellets is explainable on the 
basis of the shallow trap model for sclc in defect insulators. 
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Thickness dependent properties of electro-chemical-photovoltaic 
(ecpv) cells formed with chemically deposited CdS films 
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Abstract. Thin polycrystalline cadmium sulphide photoelectrodes of various thicknesses 
have been deposited on polished stainless steel substrates by a chemical bath deposition 
technique. The electrochemical photovoltaic (ecpv) cells were formed with these photoanodes. 
Short circuit current (Isc) and open circuit voltage ( Voc) are recorded under 1(X) mW/cm^ light 
intensity. It is found that I sc increases with increase in thickness of the photoanode whereas 
Voc remains more or less constant. The other cell parameters, maximum power output (Pm) 
and efficiency (rj) are found to improve with increasing thickness, while fill factor (f.f.) varies 
slightly with the photoanode thickness. The semiconductor-liquid space charge region 
capacitances in the dark were measured. The variation of 1/C^ versus applied reverse bias V is 
nonlinear. The deviation from straight line behaviour is attributed to the existence of surface 
states and degeneracy of states. The flat band potential is determined from the extrapolation of 
the (1/C^)—K plot to the voltage axis, and is found to vary with the thickness of the 
photoanode. 

Keywords. Electrochemical photovoltaic cells; chemically deposited CdS films; photoanode; 
short circuit current; open circuit voltage; fill factor. 


1. iDtroductioD 

Over the last fifteen years problems of energy have emerged with tremendous force and 
potential. One of the ways predicted to minimise this problem is conversion of visible 
light into electrical energy by the formation of a heterojunction between a direct 
bandgap semiconductor and an aqueous polysulphide elctrolyte. Recently, cadmium 
sulphide thin films have gained interest among researchers, due to their possible 
applications in semiconductor devices (Bube 1960). It is well known that 
semiconductor-liquid junction ceils consisting of CdS films as photoanode, show 
photovoltaic effect. Several attempts have been made to improve the performance and 
solar energy conversion efficiency of these electrochemical photovoltaic cells (Pandya 
and Chopra 1981; Lokhandeand Pawar 1983; Pawar and Deshmukh 1984). One of the 
most important parameters which controls the solar energy Conversion efficiency of the 
photovoltaic cell is the thickness of the photoanode. Chih Tang Sah (1982), studied 
the effect of thickness on the efficiency of the silicon solar cell and have shown tha t the 
efficiency increases as thickness reaches the optimum value and decreases with further 
increase in thickness. However, little attention was paid to the effect of photoanode 
thickness on electrical properties of cadmium sulphide photovoltaic cells. The present 
paper describes the effect of photoanode thickness on various electrical parameters of a 
photovoltaic cell formed with CdS photoanode. 
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2. Experimental details 

Thin films of cadmium sulphide were deposited by controlled, precipitation chemical 
bath deposition technique (Pavaskar et al 1977; Shikalgar and Pawar 1979), on plane 
ultrasonically cleaned ^ass and stainless steel substrates. The basic ingradients used 
were ar grade cadmium sulphate, thiourea and 14 N ammonia solution. The deposition 
time and temperature were 30 minutes and 85°C respectively. The speed of rotation of 
the substrates was 75 r.p.m. and the rate of addition of thiourea was 0*7 ml/minute. 
After 30 minutes the films were removed and washed several times with double distilled 
water and then with ammonium nitrate to make them free from sulphate radicals. 
Thickness of the film was increased by treating the first layered films with a fresh 
quantity of reactants. After each deposition the films were washed with double distilled 
water and ammonium nitrate. 

Employing films of different thicknesses as the photoanodes, carbon as the counter 
electrode and IM-NaOH-lM Na 2 S-lMS as an electrolyte, the electrochemical cell was 
formed in a specially designed corning glass test tube. The distance between 
photoanode and counter electrode was kept equal to 1-5 mm. The current-voltage 
characteristics were recorded by a potentiometric arrangement using a digital voltmeter 
DPM-10 and a Aplab fet input nanoammeter. The cells were illuminated with 
100 mW/cm^ intensity by a 500 W tungsten filament lamp to analyse the photovoltaic 
power output characteristics. 

To determine the semiconductor-liquid space charge capacitance, the distance 
between photoanode and counter electrode was made as large as possible (4-5 cm in this 
case). The space charge capacitance was measured under reverse biased condition by 
using digital display capacitance meter vcm-13A. 


3. Results and discussion 

3.1 J-F characteristics 

The current voltage (I-V) characteristics in dark were studied for all the cells formed 
with diverse thickness of photoanode. The nature of the curve is more or less similar. 
Figure 1 shows the curves for three typical cells. It is seen that for forward bias, current 
increases rapidly as the thickness of the photoanode increases. The junction ideality 
factor determined from log I versus V plot for all the cells lies between 2*51 and 2*30 
which indicates that the junctions are non-ideal and there is no systematic variation of 
ideality factor with thickness of the photoanode. The photovoltaic power output 
characteristics for three typical cells are shown in figure 2. The nature of the power 
output curves becomes more rectangular as the thickness of the photoanode increases. 
This is attributed to the decreased series resistance of the cell which is mainly due to the 
decrease in resistance of a photoanode with increase in thickness. This is similar to the 
results reported by Wolf and Rauschenbach (1963) for solid state solar cells. The 
variation in electrical parameters of a cell with photoanode thickness is given in table 1. 
It is seen that Isc increases with increasing thickness of the photoanode whereas Voc 
remains almost constant. This increase in Isc with the thickness is attributed to the 
increased solar photon absorbing volume of the photoanode. The dependence of f.f. on 
thickness is significant (which) as it reflects the condition that change in thickness (does 



Properties of ecpv cells with CdS films 


129 



Figure 1. Current voltage characteristics in dark 
for three typical cells, formed with different photo¬ 
anode thicknesses, (1) 0*405 |im (2) 1*43/mi and 
(3) 2*415/zm. 


voltage (V) 


0 0 05 010 0.15 



Figure 2. Power output curves for three cells of 
photoanode thickness, (1) 0*405/un. (2) 1 *43/110- 
and (3) 2*415 /mi. 


Table 1. Some electrical parameters df ecpv cells formed with CdS photoanode of different 
thicknesses. 


Thickness 
of the 

photoanode 

(/an) 

Isc 

mA 

Voc 

mV 

Pm = /m • Vm 
mW 

Rs 

a 

Rsh 

a 

f.f. 

% 

n 

% 

Junction 

ideality 

factor 

04058 


m 

11*0 

416*66 

6000 

47.4 

OOllO 

2*390 

08928 


Hi 

14*5 

331*53 

5216 

42*0 


2*360 

1*438 

0265 

170 

22*0 

27024 

4016 

48*8 

0*0220 

2*517 

2*415 

031 

170 

25*3 

22024 

3601*4 

48*0 

00253 

2*305 


significantly) alters the injection levels. This is similar to (that of) the results reported by 
Chih et al (1982) for silicon solar cells. 

3.2 C-V characteristics 

In order to characterize the semiconductor-liquid junction the capacitance-voltage 
measurements were carried out. The measured space charge layer capacitance is found 
to decrease with increased reverse bias. The variation of 1/C^ versus V is depicted in 
figure 3, for two typical cells of different photoanode thicknesses. It is obvious from the 
figure that variation of 1/C^ with V is nonlinear and is indicative of graded junction. 
This deviation from linearity is due to the presence of surface states and degeneracy of 
states as explained by Cardon and Gomes (1978) and Aruchamy et al (1982). The 
capacitance (is found to) increases slightly with thickness of the photoanode which may 
be due to the reduction in the shortening effect between electrolyte and substrate via 
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Figure 3. Mott-Schottky plots for two cells of 
various thicknesses, (l)O405/un. and 
(2) 2*415 /im. 


pin holes. The flat band potential is determined by extrapolating the 1/C^-K plot to 
voltage axis and found to increase with the thickness of the photoanode. 
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Abstract. We present here a new technique, called vapour phase spray pyrolysis, for 
deposition of to and rro films. Undoped to film showed semiconducting nature, a sheet 
resistance of 1088 O/D, a donor ionization energy level of 40meV, average visible 
transmittance of 75*4 % and w-type conductivity. The indium doped (rro) film 10 wt % showed 
metallic nature, a sheet resistance of 15D/n, average visible transmittance of 80*4% and p- 
type conductivity. Thus the to and rro films showed fjurly good electro-optical qualities, 
comparable to those obtained by sophisticated and costly techniques. 

Keywords. Vapour phase spray pyrolysis; sheet resistance; impurity ionization energy; 
transmittance. 


1. Introduction 

Usually transparent conducting semiconductor oxide films are deposited by aqueous 
spray pyrolysis (Chopra et al 1982; Tomar and Garcia 1981) of soluble salts of the 
constituent atoms of the desired compounds onto the heated substrates, kept at a 
temperature of 450-5(X)°C. The deposition normally occurs through a hydrolysis 
reaction. We present here a technique different from that of aqueous spray pyrolysis. 
This technique may be called vapour phase spray pyrolysis as in this technique the 
vapours of the metals whose oxides are to be deposited are sprayed on heated 
substrates, to (Sn 02 ) and ito (indium doped Sn 02 ) films were deposited on heated 
glass substrates. The films thus deposited showed good electrical conductivity and good 
visible transmittance. 


2. Experimental details 

The 'metal whose semiconducting oxide film is to be deposited is melted in a glass vessel 
as shown in figure 1. The vessel height is 5 cm and its diameter 2 cm, the nozzle neck and 
the nozzle are of 0-5 cm diameter. The temperature of the metal is the same as the 
temperature of the glass substrate which is kept between 250and 300°C. The vessel and 
the substrate are kept in fixed positions. Nascent chlorine gas produced by reaction of 
concentrated HCl with KMn 04 , is mixed with vapours of molten tin to form stannic 
chloride. Vqraurs of SnCU falling on heated substrates are hydrolysed by atmospheric 


* To whom all correspondence should be addressed. 
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moisture and form a to film on it. The reaction proceeds through the following steps, 

2KMn04 + 16HC1 2KCI + 2MnCl2 + SHjO + lOCl 

Sn + 4Cl->Sna4 

SnCU + 2 H 2 O SnOj + 4HC1 

Indium doping is achieved through melting indium along with tin. Similar to tin. In 
reacts with nascent Cl and turns into InCls which after hydrolysis is transformed to 
In 203 , thus forming rro films. 

TO and no films thus formed were studied for I-V characteristics and temperature 
dependence of resistivity by the four point probe method. Transmittance of films was 
studied by Spectronic-20 spectrophotometer of Bausch and Laumb make. The 
transmittance of the glass substrate was excluded by using a blank glass slide as 
reference. Majority carriers of films were determined by hot probe experiments, no 
films of 2,10 and 25 wt % indium were deposited. Conductivity increased on doping. 


3. Results and discussion 

3.1 I-V characteristics 

Figure 2 shows the I-V characteristics of to and 10wt% indium doped Sn02(no) 
films. The sheet resistance is calculated by the relation (Maissel and Glang 1970), 

R, = 4-532 V/I (1) 

From the slope of the I-V characteristics for the to film we get a sheet resistance 
of R, = 1088£l/n. The sheet resistance achieved by sophisticated techniques is 
100-500n/n. For the rro film, we got a sheet resistance of R, = 15fl/D. The sheet 
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Figure 2. I-V characteristics of to and iro films. 


resistance achieved by sophisticated techniques is 2-5 Q/O. The area of the uniform 
film was about 1 inch^ (2-54 cm^) and sheet resistance increased beyond this area. 


3.2 Temperature dependence of resistivity 

The temperature dependence of resistivity of the above to and ito films is shown in 
figure 3. It shows that the resistivity of to film decreases with increasing temperatiure, 
i.e., it behaves as a semiconductor. From the temperature dependence of the 
semiconducting film, the ionization energy of the donor level can be determined. For a 
semiconducting film, the resistivity varies with temperature according to the relation 

p = aexp[£i/2fcj;r] (2) 

where £( is the impurity ionization energy and Tis absolute temperature. From figure 3 
for the TO film we get an impurity ionization energy level of £,• = 004 eV. This value is 
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in complete accord with the findings of Kozo Ishigiro et al (1958). They found it to lie 
between 0-01 to 0-04 eV for low conductivity samples of to films. 

Figure 3 shows that the resistivity of the rro film (slope enlarged 60 times) increases 
slowly with temperature. This shows the metallic nature of this film and therefore 
indicates the existence of considerable degenerate states in this film. This observation 
confirms the finding of Imai (1960). 


3.3 Transmittance of films 

The results of transmittance measurements in the wavelength range of 0-330 to 
0-930 fan are shown in figure 4. This graph yields an average solar transmittance for the 
TO and rro films as 73-4 % and 80-4 % respectively. The maximum values attained for the 
best films are nearly 80 % and 90 % as reported by Chopra et al (1983). 

The existence of interference peaks in transmission spectra shows that the films are 
fairly uniform as reported by Swanpoel (1983). In the case of a nonuniform or tapered 
film, the interference effects are destroyed and transmission is a smooth curve. 


3.4 Type of majority carriers of films 

All TO films indicated n-type carriers and all no films indicated slightly p-type carriers. 
The p-type conduction of no films changed to n-type conduction on repeated heating 
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Fignre 4. Transmittance of TO and ITO films. 


of films . This observation tallies with the findings of Spence (1967). This p-type 
conductivity is clearly attributable to the doping effect of indium, a metal of the third 
group. 


4. Conclusions 

With the simple technique of vapour phase spray pyrolysis good quality transparent 
conducting films can be prepared. By this method films can be deposited at 
comparatively lower temperatures than the traditional aqueous spray pyrolysis 
methods. This technique has the potential to be extended to other dopants and can be 
applied to large area coatings by the proper choice of deposition geometry. 
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Preparation and properties of iron-boron metallic glass ribbons melt 
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Abstract. The preparation of metallic glass ribbons by melt spinning is a simple technique; 
however, a researcher often faces many problems when undertaking the preparation of such 
ribbons. The difficulties encountered are oxidation of the melt, choking of the nozzle by the 
solidified metal, formation of metal globules or ribbon fragments, oxidation of the ribbons, etc. 
These problems are particularly severe when working with high melting point alloys This 
report describes certain experimental techniques used to overcome problems in preparation of 
metallic glass ribbons of iron-boron and other high melting point alloys. The ribbons thus 
produced have been characterized by transmission electron microscopy, mechanical tests and 
differential thermal analysis. The mechanical strength of the ribbon is comparable to the best 
recorded strength for nbbons of similar composition. The dta data support the view that the 
formation of the phase FejjBe takes place upon crystallization of the eutectic alloy. 

Keywords. Metallic glass ribbons; melt spinning; iron-boron alloys. 


1. Introduction 


Considerab e res^rch effort is being devoted to the study of metallic glasses and 
^ technological importance and interest to 

glasses in the laboratory is, in principle, 
researchers appear to be using materials obtaiL 
from other sources rather than preparing their own—thereby losing some freedom in the 
selection of compositions (Parashar et al 1984; Bhanu Prasad etal 1984- Yousuf and 
Govmda Rajan 1984; Namboodhiri et al 1983). The comparative ease of preparing 

DrenSnfrihh f alloys) as op^L to 

^ ‘ ^ technologically important metallic glasses and ranidiv 

shTl “ It '!■' of-'■allic glass ribbons 

1982). ” ° reported in bnef earlier (Chakachery and Agrawal 
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2. Experimental details 

A single roller melt spinning apparatus, shown schematically in figure 1 was used to 
prepare the metallic glass ribbons. In the melt spinning technique, a jet of molten 
material formed by ejecting the melt under pressure through an orifice is made to 
impinge on the surface of a rapidly moving substrate. Quenching of the melt puddle 
formed at the foot of the jet takes place at a rate of 10^ degrees sec” ^ for metallic melts. 
A ribbon is formed and is thrown off the surface of the substrate by the centrifugal 
force. A view of the experimental set up is seen in figure 2. 



Figure 1. Schematic view of melt spinning apparatus. 



Figure 2. A view of the melt spinning apparatus set up in the laboratory. 
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2.1 The chill block 

Initially a disc 220 mm (dia) x 25 mm (thickness) cast from copper was used as the chill 
block. Although this performed satisfactorily, we occasionally faced some problems 
due to the presence of pinhole porosity in the cast disc. Thus, a rolled copper plate of 
similar diameter but about 20 mm thickness was used instead. The copper disc was 
directly mounted on to a 0*5 hp motor (Elmot Direct Current Machines, Thana), whose 
speed could be continuously varied from 0 to 3000 rpm using a thyristor-control 
(Ultraflex E Drive, Bhartia Cutler Hammer Ltd., New Delhi; alternatively, a simple 
circuit consisting of a diode rectifier with variable ac voltage input from an 
autotransformer can be used for this purpose as the torque variations are low). Thus a 
surface speed of upto 34*5 m sec" ^ can be obtained. The diameter of the chill block and 
hence the maximum surface speed cannot be increased much further because 
deformation of the chill block may take place at high speeds (Srinath 1983). In our 
experiments, the wheel speed was 2800 rpm, giving a linear speed of 32*5 msec 

2.2 The RF generator 

The RF generator used was a 3 kW, 450 kHz model (Pal Industries, Ghaziabad). A 
custom-made transformer was connected to the output coil of the generator to provide 
a high current, low voltage output. This was necessary in order to melt small quantities 
(1 to 4 g) of high melting point (up to 1500'"C) alloys. The power to the rf coil could be 
continuously varied by varying the input power to the generator. 

2.3 The RF coil 

The design of the RFcoil is also important. The factors to be considered are (a) diameter 
of the copper tube used to construct the coil (b) number of coil turns per unit length 
(c) empty space between adjacent turns of the coil (d) total number of turns in the coil 
and (e) gap between the coil and the fused silica or ceramic tube containing the alloy to 
be melted. Factors (a) and (c) are interrelated. The maximum number of turns wound 
per unit length with an absolute minimum of gap between adjacent turns was found to 
be necessary in order to derive the maximum power from the rather limited capacity 
generator at our disposal. A 3 mm diameter copper tube used by the refrigeration 
industry is ideal as it allows a sufficient number of turns per unit length without unduly 
restricting the flow of cooling water. The coil should be wound with its internal 
diameter only 1 to 2 mm larger than the silica tube used for melting the alloy in order to 
eSect maximum coupling between the coil and the alloy pieces. Also, the coil should be 
tapered to closely follow the tube where the latter is tapered into a nozzle. The 
maximum temperature that can be reached increases with the decreasing number of 
total turns in the coil. About six turns were found to be the maximum that could be used 
with our apparatus to heat iron based alloys to a sufficient superheat. The coil was 
wound on a lathe machine over a mild steel mandrel especially designed for this 
purpose. 

2.4 The melting and ejection nozzle 

The alloys were melted and ejected on the rotating wheel from a fused silica tube 12 mm 
(o.d.) and 10 mm (i.d.). The tube was tapered at one end to a nozzle with a hole varying 
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between 0-5 and 2 mm dia. Usually it was found that with a hole diameter larger than 
1 mm, ejection of the melt took place before the ejection pressure could be applied, 
leading to poor process control. However, to get ribbons wider than 1 mm, it may be 
necessary to have the nozzle hole diameter larger than 1 mm. In that case, with some 
experience, it is frequently possible to apply the ejection pressure at the right moment 
before the melt ejects by itself. 

The angle of the nozzle to the wheel surface was maintained at 90'^. Although, this 
angle can be reduced, it results in a reduction in the width of the ribbon without 
providing any compensating advantage (Liebermann 1980). 

The connections to the other end of the silica tube were so arranged that the tube 
could be connected to either a rotary vacuum pump (Precivac Engineering Co., 
Calcutta) or to a high purity argon gas cylinder (iolar 2, Indian Oxygen Ltd.). The 
argon gas was further purified by passing over copper turnings heated to 450°C to 
remove trace oxygen. This is necessary to guard against the possibility of oxidation of 
the melt. 


2,5 Materials 

The experiments described in this report have been carried out using a set of iron-boron 
alloys made with a commercial ferroboron (M/s Kromium and Chemicals, Kanpur). 
This alloy is used in steehnaking and its composition was determined to be 
Fe 40 B 52 Si 6 Mnj. 2 CO 0 . 6 - This was chosen as a source of boron for its low cost, easy 
availability and also because the primary interest was in gaining experience in making 
iron based ribbons. Subsequently, a variety of pure metals and alloys have been made 
into ribbons and some results have been reported (Sridhar and Agrawal 1983). 

99*9 % pure iron (Alpha Products, usa) was added to the commercial ferro-boron 
alloy, to attain the desired iron content. The alloys were prepared in an arc furnace 
under an argon atmosphere and remelted twice to homogenize the composition. The 
alloy buttons thus obtained were cut, using a saw (Microslice-2, Metals Research Ltd., 
Cambridge, uk), into pieces which can be fit into the fused silica tube. The pieces should, 
however, be as large as possible to promote rapid heating and avoid undue oxidation. 

The chemical composition of the alloys was determined using an il 751 Atomic 
Absorption Spectrophotometer (Instrumentation Laboratory, Lexington, USA). A 
total of five compositions given in table 1 were made into ribbons and studied. 


Table 1. Compositions of alloys used to prepare ribbons (atom percent) 


Alloy 

number 

Fe 

B 

Si 

Mn 

C 

1 

83-7 

14-6 

1*9 

0-4 

02 

2 

82*0 

16-7 

0-8 



3 

80-6 

17-9 

0-9 

0-4 

02 

4 

79*1 

18-6 

1-5 

0-5 

03 

5 

79-6 

19-9 

0-3 

01 

01 
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3. Preparation of the ribbons 

Initial attempts to melt spin the ribbons resulted in globules of red hot metal flying all 
around the laboratory. At best, a highly oxidized, irregular piece of ribbon was 
occasionally obtained. With some experimentation and analysis, the conditions for the 
formation of continuous, bright ribbons of good quality were established. These 
conditions and details of the experimental techniques used are described below. 


3.1 Evacuation and flushing of the nozzle 

Pieces of the alloy to be cast into ribbons were placed in the fused silica nozzle such that 
they were entirely surrounded by the RFCoil. As mentioned earlier, these pieces should 
be as large as possible. The nozzle hole was closed and the nozzle evacuated by the 
rotary pump. Purified argon gas was then allowed to flush the nozzle for a few minutes 
after which the evacuation and flushing cycle was repeated. This was done for a total of 
three times after which a very small flow of argon was maintained through the nozzle. 
Such a procedure minimized the chances of melt oxidation. 


3.2 Positioning the nozzle 

The gap between the nozzle tip and the chill block surface is critical. If it is too large, the 
molten alloy oxidizes or freezes before it reaches the chill block surface and this results 
in metal globules being produced. If the distance is too small, the nozzle tip may hit the 
wheel surface due to the inevitable vibrations when the latter is set into motion at a high 
speed. However, it is best to have as small a gap as possible, consistent with the latter 
requirement. A gap of about 1 mm was found to be satisfactory. 


3.3 Heating schedule 

The power input to the rf coil was rapidly raised (in about 30 sec) to a level just below 
that required to melt the alloy (as determined by previous experimentation) and held 
there for some time (one minute). The chill block had already been set in motion at the 
desired speed at this point as the air dragged with the wheel causes some cooling of the 
alloy; if the wheel is set in motion later, say, just before ejection, then this cooling may 
cause freezing of the melt in the nozzle during ejection. The holding of the alloy at just 
below the melting point was necessary in order to heat up the lower section of the nozzle 
through which the molten alloy will pass. If this lower section remained cold (or if it 
were too long) the alloy would freeze up in this section during attempts to eject it. After 
the heating up of the nozzle section was over, the heat input was increased by about 
25 % so that the alloy melted and quickly superheated to a sufficient degree. Although 
the actual temperature of the alloy was not measured, it was found that enough 
superheating was essential to compensate for the cooling of the alloy that would take 
place during its passage through the relatively cold nozzle and the air gap between the 
nozzle tip and the chill block. Ejection pressure was now applied by opening the gas 
valve completely. This pressure was preset at the gas cylinder at 0-5 to 10 kg cm“ The 
final melting and ejection step was over in 5 to 10 seconds. 
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3.4 Dwell time on the substrate 

The precautions required to prevent the oxidation of the melt during the melt spinning 
operation have been described above. Even slight oxidation of the melt has significant 
effects on its viscosity and wetting characteristics and may result in an unsuccessful run. 
However, despite the above precautions, an oxidized ribbon may still be produced. This 
is due to the oxidation taking place after ribbon formation because of insufficient 
contact time of the ribbon with the substrate (Tenwick and Davies 1984). The ribbon is 
thrown off the substrate before it has cooled sufficiently and gets oxidized after leaving 
the substrate. The contact time depends on the properties of the metal being cast, the 
substrate material, the speed and the surface finish of the substrate. Thus steel 
substrates have been found to be superior to copper substrates for Ni based super alloys 
and for Fe-B-Si-amorphous alloys (Luborsky et al 1982). We found that imparting a 
matte finish to the substrate (e.g, polishing with a 4/0 emery paper) and increasing the 
wheel speed so as to increase the quench rate suppressed the tendency towards ribbon 
oxidation. 

When all the above precautions were taken, it was possible to routinely produce 
continuous ribbons 7 to 10 metres long, 1 mm wide and 30 /rni thick, having bright 
surfaces with no apparent oxidation. Figure 3 is a photograph of one such ribbon. 


4. Characteristics of the ribbons 

Ribbons thus produced were characterized to see if they were amorphous and displayed 
other reported characteristics of such ribbons. 

4.1 Characterization systems 

A Carl-Zeiss mp-320 shadowgraph was used to measure the ribbon width. It has an 
optical projector with a magnification of 100 x and a cross wire attached to a micro¬ 
meter screw gauge. Ribbon thickness was measured using a micrometer screw gauge. 
Rectangular cross section was assumed. Surface profile was obtained with a Rank 
Taylor Hobson Talysurf 10 equipped with a diamond point sensor whose vertical 
movement as it traverses the specimen, is recorded. 



Figure 3. Photograph of an 8 m long continuous 
ribbon produced in the laboratory. 







Fe~B metallic glass ribbons melt spun in air 


143 


Transmission electron micrographs and selected area diffraction patterns were 
recorded using a Philips em 301 transmission electron microscope operated at 100 kV. 
Samples were thinned in a Struers electrolytic jet thinner. 

Tensile tests were performed on an Instron tt-cm-l machine with a 100 kg load cell. 
Microhardness was measured on a Tukon tester at 0*5 kg load. 

Fracture surfaces of the tensile tested specimens were observed on an isi 60 scanning 
electron microscope at 15kV acceleration and with tilt angle varying between —5 
and 30°. 

4.2 Electron micrograph and diffraction pattern 

A transmission electron micrograph and the corresponding selected area diffraction 
pattern of a ribbon are given in figure 4. The micrographs and the diffraction patterns 
from the ribbons of all of other compositions in table 1 were similar. The diffraction 
pattern shows the typical halo characteristic of amorphous materials and indicates that 
the glassy state has been achieved. The amorphous nature of the ribbon is further 
confirmed by the dta observations reported later. The micrograph is essentially 
featureless with little or no contrast. 

4.3 Ribbon geometry 

Width, thickness, and surface characteristics of the ribbons have been observed and the 
results are detailed below. 

Table 2 presents the data on the average width and thickness of the ribbons. 
Although this data is from the alloys of different compositions, it can probably still be 
grouped together for analysis as the compositions are similar. Such data are usually 
analyzed in terms of empirical correlations which can also be rationalized from some 
theoretical considerations (Vincent et al 1981). Here we use the correlation observed by 
Liebermann (1980) which is applicable when the value of the volumetric flow rate Q, is 
low. (The value of Q is given by W.t.s, where Wis the width, t is the thickness of the 



Figure 4. (a) Transmission electron micrograph and (b) the corresponding selected area 
diffraction pattern from a ribbon. 
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Table 2. Average width (w) and thickness (t) of the ribbons 


Alloy 

number 

a/o Boron 

W 

mm 

t 

10'^ mm 

1 

14-6 

095 

25-1 

2 

16-7 

060 

31-4 

3 

17-9 

088 

34-1 

4 

18-6 

070 

22-7 

5 

19-9 

070 

21-0 



ribbon, and s is the linear speed of the chill block. In practice, Q is varied by varying the 
diameter of the nozzle orifice). Liebermann (1980) and Pavuna (1981) have shown that 
under such conditions the relations between width W and Q is linear. Such a 
relationship is also found by us (figure 5). The reciprocal of the slope of the Q vs W^plot 
is called dynamic melt puddle viscosity, vp, as it has the same dimensions as the 
kinematic viscosity. However, as Agrawal (1982) has shown, this cannot be taken as the 
average of the viscosities in the solidifying puddle as it is smaller than such an average 
by a factor of more than 100. The value of vp, here is 1033 mm^ sec" ^ which is in the 
range of 950-1200 mm^ sec'^ reported in the literature (Liebermann 1980; Pavuna 
1981). 

The surface profile across the width of a ribbon is shown in figure 6 and is 
representative of the profiles obtained for the other ribbon samples also. The trace 
shows a characteristic, edge-shouldered pattern indicating that the hydraulic jump 
effect (Olsson and Turkdogan 1966) is operative here. 
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Figure 6. Surface profile across the width of a 
ribbon. 



Figure 7. Scanning electron micrograph of the 
dull surface of a ribbon. 


One surface of the ribbon is bright and shiny and essentially featureless underneath a 
microscope. The other surface is dull and heavily marked with elongated depressions. 
An SEM picture of the dull surface of the ribbon is shown in figure 7. The depressions on 
the ribbon surface are due to expansion and dragging of the air absorbed on the surface 
of the copper wheel upon contact with the molten alloy (Gyorgy 1978). 

4.4 Mechanical properties 

The strength, modulus and the hardness of the ribbons are given in table 3. Tlie average 
value of the tensile strength {e.g. 3-71 GPa for 19-9 a/oB) measured on the 
as-cast specimens compares very well with those reported in literature (3-74 GPa for 
Fe 8 oB 2 o, Li 1981). The hardness and the moduli values are somewhat lower. 

Fracture surface of a ribbon broken in tension is shown in figure 8. The typical vein 
pattern and the shear offset regions characteristic of the amorphous ribbons are clearly 
visible. 

4.5 DTA results 

The AT vs r plots for all the compositions are given in figure 9. These cimves can be 
exanuned in the light of the known features of the transformation occurring in 
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Table 3. Strength, modulus and hardness of the ribbons 


AUoy 

Ultimate tensil strength 

Young’s modulus 

Hardness 


GPa 



GPa 


GPa 

Maxi¬ 

mum 

Mini¬ 

mum 

Mean 

Maxi¬ 

mum 

Mini¬ 

mum 

Mean 

Mean 

1 

2-63 

2-16 

2-45 

98-5 

93-0 

96-0 

7-7 

2 

2-88 

2-32 

2-71 

105-7 

98-4 

102-2 

8-9 

3 

3-45 

3-23 

3*38 

107-5 

104-8 

105-5 

9-8 

4 

3-41 

3-30 

3-36 

107-7 

104-4 

106-5 

9-7 

5 

3*82 

3-54 

3-71 

135-0 

121-8 

126-6 

10-6 



Figure 8 . Fracture surface of a ribbon broken 
in tension. 


amorphous iron boron alloys on heating, although some differences can be expected 
due to the presence of additional elements in the ribbons under study. 

Koster and Harold (1981) define three possible methods of crystallization in Fe-B 
metallic glasses depending on the chemical composition. Primary crystallization occurs 
in the hypoeutectic composition (less than 17 a/o boron) and results in precipitation 
of a-Fe between 300 and 450°C. At temperatures higher than 550°C, FcaB starts to 
crystallize from the boron enriched matrix. At still higher temperatures the FcaB 
crystals decompose into a-Fe and Fe 2 B. 

Eutectic crystallization occurs in the range 17-20 a/o boron. a-Fe and FeaB 
precipitate out simultaneously from the amorphous matrix at about 500°C. The 
FcaB breakdown then occurs as before at a higher temperature. 

Polymorphous crystallization occurs in the hypereutectic Fe 75 B 25 in which the 
amorphous phase transforms into a single crystalline phase, Fe 2 B. 

The DTA data of Matsuura (1979) conforms to the findings of Koster and Harold 
(1981). For B less than 16 a/o, at a heating rate of 1°C per minute, two peaks at 4(X)°C 
and 495°C, corresponding to the precipitation of a-Fe and FeaB, were observed. For 
B < 16 a/o only one peak at 460°C due to coprecipitation of FcaB and a-Fe was 
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Figure 9. dta plots for ribbons of compositions indicated in the figure. 


observed. The FesB peak was found to shift to lower temperature for B < 16 a/o as 
compared to that for B ^ 16 a/o. 

Inal et al (1981) observed sharp changes in resistivity of FeaoBjo at 395,500,720 and 
840 C during continuous heating. They then performed annealing treatments at these 
temperatures. The interesting feature of their results is the formation of a Fe 23 B 6 phase 
at 720“C which is directly obtained from the amorphous FeacBjo and not as a 
secondary product. 

Despite the presence of appreciable amounts of alloying elements other than boron 
and iron in our alloys, our results follow the above pattern quite closely. The peak 
below 400X (a-Fe primary crystallization) is found only in the 14-6 a/o boron alloy. 
The FesB peak shifts to lower temperatures for B>16a/o (the higher peak 
temperatures are probably due to the higher heating rates, 10°C min~S in our 
experiments). The peak at 720°C occurs only for the composition closest to Fe 8 oB 2 o 
and this peak can be attributed to the formation of Fe 23 B 6 reported by Inal et al (1981). 
In fact, our results support the view that the transformation is a direct one and not one 
via an intermediate product. 
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Auger recombination rate in quantum well lasers 
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Institute of Radio Physics and Electronics, 92 Acharya Prafulla Chandra Road, 
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Abstract. Auger recombination is the dominant non-radiative process in InGaAsP quantum 
well lasers and is responsible for the poor temperature dependence of the threshold current 
density. In all recent calculations of the Auger rate the electron-electron interaction potential 
is taken to be either of the bulk form or an approximate form derived from it. In the present 
work, the rate is calculated by taking an appropriate potential valid for quasi two-dimensional 
electrons and the expected changes are pointed out. The calculated Auger life-time is in 
agreement with the values reported in the literature. 

Keywords. Auger recombination; quantum well lasers; semiconductors; InGaAsP. 


1. Introduction 

In conventional double heterojunction (dh) lasers, (Kressel and Butler 1977), a thin 
layer of a lower bandgap semiconductor is sandwiched between two layers of a higher 
b^dgap semi-conductor. A typical example is a GaAs laser, where two layers of 
AlGaAs are grown on both sides of a GaAs layer. A quantum well (qw) laser is a special 
version of a dh laser, where the thickness of the middle layer is very small, of the order of 
100 A or less. The potential profile defined by the edges of either conduction or valence 
bands is shown in figure la and looks like a rectangular well. The behaviour of a 
confined particle in such a quantum well is discussed in almost all textbooks on 
quantum mechanics. In qw structure, the motion of electrons and holes in the narrow 
well is quantised in the direction of the growth of the layer (denoted as z-direction 
hereafter) and the carriers behave as a two-dimensional (2D) gas. The 2D carriers move 
in different subbands (figure lb) and the density of states become steplike (Ando et al 
1982). 

It has been established (Holonyak et al 1980) that qw lasers offer several advantages 
over conventional lasers. The subband energies being a function of well thickness, 
emission frequencies greater than the bandgap frequency can be obtained and can also 
be changed by ch angi n g the thickness. The line width is sharper. However, the most 
promising features of qw lasers are (i) the threshold current density is quite low (Tsang 
1981,1982X and (ii) the temperature dependence of threshold current density is weak 
(Chin et al 1980). The characteristic temperature To has been found to be as high as 
400 K or more. 

InGaAs or InGaAsP qw lasers are more attractive because of their potential use in 
long wavelength optical communication systems. However, the threshold current 
density in these lasers shows a poor temperatiure characteristic (Rezek et al 1980) and 
the value of Tq is accordingly low. The band to band Auger effect is the most important 
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Figure 1. (a) Energy band diagram in a quantum well structure. £^2 (Egi ) refers to the band 
gap energy of the higher (lower) band gap semiconductor. Different subbands in the quantum 
wells are shown, (b) A possible CCCH transition occurring amongst different subbands in the 
conduction and heavy hole bands. 


process responsible for the low value of Toi Several authors (Chiu and Yariv 1982; 
Dutta 1983rSugimura 1983a, b; Smith et al 1983) have presented the calculation of 
Auger rates in qw lasers. All these workers use the coulomb potential, either screened or 
unscreened, occurring between two electrons in bulk, to calculate the matrix element 
for transition. A few authors also impose restrictions on the value of the 
z-component of wave vector transfer and obtain selection rules for transitions into 
various subbands. It has been proved however (Ando et al 1982) that the 
electron-electron {e-e) interaction potential in 2D systems is altogether different from 
the screened coulomb form. The purpose of the present paper is to examine how the 
Auger rate calculated by previous workers is modified when an appropriate potential is 
introduced and also to examine the validity of the selection rules. In §2 an outline of the 
theory is given. A discussion of the results is given in §3 and the conclusions drawn 
in §4. 


2. Outline of the theory 

2.1 Earlier theories 

The various band to band Auger processes are termed the ccch, chhs and chhl 
processes (Dutta 1983). Here we shall consider only the first one. One such transition is 
shown in figure lb, where the primed (unprimed) numbers refer to the final (initial) 
states. The wave function for 2D carriers in the lith subband of the jth band is given by 

^j 7 i(r, k) = U^(t) exp ik^p sin Hinz/L) (1) 

Here U represents the localised part of Bloch function, k^ and p are 2D vectors in the 
plane of the layer, L is the thickness of the well which is assumed to be rectangular with 
infinitely large height. 



Auger recombination rate in quantum well lasers 


151 


Now the matrix element for transition is given by 

M Cl )^* (r2) Vil/i (ri)il/2 (r2)dVi dVj 


( 2 ) 


where the band index has been suppressed. V is the coulomb interaction potential 
between two carriers located at and r 2 and expressed as (Sugimura 1983a, b) 


K = (eV4Jteo i ri -'• 21 ) exp (- AI Fi - rj I) 


(3) 


where A is the inverse screening length. Equation (3) is the usual screened coulomb 
potential and can be written as the following Fomier series 




(4) 


Using (1) and (4) in (2) and putting = qt+<lz one obtains integrals like 
d^,exp[i(/c,^±/c,^. + .jjz] 


£ 


qf + ql + i.^ 
Sugimura assumed that 


IC, . = (l2 -k/L) 


qz^K±kO = ilr±l2)WL) (5) 

to calculate the above integrals. The above restriction on the value of is known as the 
momentum conservation approximation (mca) introduced by Ridley (1982) to 
calculate the scattering rate due to electron-polar optic phonon interaction in qw 
structures. The matrix element obtained is then 


M = — Fi i-F22'^(ti, + k2, - ki-, - k2.,) 

Co 

|k2,-k2,|^ + (n-2t/L)^ + A^ ) 


( 6 ) 


l7?|U,,,dVi; m± = n± = l 2 ±^ 2 ' 

* 

The presence of Kronecker deltas in (6) gives rise to selection rules governing 
transitions amongst various subbands. Matrix elements have been expressed by a few 
other workers also. Smith et al (1983) started with unscreened coulomb potential, 
proceeded similarly, but did not use mca. Chiu and Yariv (1982) used the screened 
coulomb form but did not clearly express how they took into account . Dutta (1983) 
started with the screened coulomb form and converted that potential into an effective 
2D potential by assuming the z-dependence of wave function to be a ^-function. The 
matrix element then becomes 



M — (e^/2co4t)^ii'^22'Gii'G22'^(ki, + k2, —ki', —k2',) (7) 

Gji- sin^sin^dzi = 1, when li = ly = 1 

Dutta assumed that only the lowest subbands are occupied. The above assumption 
leads to q^ = 0, i.e., mca and the same selection rule as proposed by Sugimura. 
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2.2 Present theory 

In the present calculation we express the potential V between two carriers located at 
(Pi,zi)and (p 2 ,Z 2 )as 

V = (eV4TOo) [(pi -.P2^ + {zx - Z 2 )"](8 ) 
V is written in terms of the following 2D Fourier series 


= Z («V2e*«,) exp (- 1 z, - Z 2 1) exp [fq, • (pi - p 2 )] (9) 

q. 

Here e* is the permittivity modified by screening due to 2D electrons and is 
approximately given by 


fi* = fio 



e^n2D 

2sQkj^ 


( 10 ) 


s being the inverse screening length in 2D and ^ 2 ^ being the sheet carrier concentration. 
The matrix element now becomes 


M = ^(ki, + k2. - ki-. - k2.,) () -i- Fn. F22- Gn■ G22- ( 11 ) 

\2SoJ q, + s 

Gii'G22'= F(q,) = ^ J dzidz2exp(-q,|zi-z2|) 


( 12 ) 


Straight forward integration gives 

\-f r1 ^r[^m*n-1 

^^L2[€i‘ + (»-yt/L)^]2-S,„- 2[q,^ + (n^n/L)^j2-S,„. 

+ — 1)1 - 1 _I:_ 1 

2 Uf + (n n/L)^ qf + (n+n/L)^J 

{ qf + (m " qf + (m jt/L)^ } 


(13) 


q, = k2,-k2., 

The first two terms in (13) may give rise to the same selection rules as proposed by 
Sugimura. However, the presence of the last term violates the rules. 

Under the special case/i = /j. = = /j, = 1 the matrix element may be written from 

(11) and (13) as 


r 8 .^ . 32,^(t--l) -| 

\_x^ + x(x^+47 t^)x^ (x^+ Aii^f \ 

x = q,L 


( 14 ) 



Auger recombination rate in quantum well lasers 


153 


Assuming that only the lowest subbands are occupied the Auger rate is given by 
(Dutta 1983) 

^ i IM jp(l, r, 2.2')5(£.- - £,) 

S{ku + k2r - kr* - kr^)d^kud^k2,d^k,^,d^kr, (15) 

The integral has been evaluated by Dutta. One notes that the rate calculated by Dutta 
will be modified due to the difference in the matrix elements given by (7) and (14). 


3. Results and discussions 

It has been pointed out that the selection rules proposed by Sugimura break down. To 
estimate the error involved in the calculation when these rules are assumed valid we 
take the simple case, i.c., the matrix element given by (14). Note that assuming mca and 
selection rules one obtains only the first term within the square bracket in (14). 

Following Dutta, let us take /c 2 'r = = 1*3 eV; m* = 0-061 mo; 

L = 200 A. This yields xf>27c and only the first term within the square bracket in (14) 
becomes significant. If we assume further that sin (14), then the expression for Af 
becomes exactly the same as that obtained from (6) by putting qt> k and all the 
subband indices equal to unity. The matrix element M varies as qf ^ then. Exactly 
similar dependence has also been derived by Smith et al (1983). Although the 
conclusions are valid for the simplest case when only the lowest subbands are occupied, 
they are expected to be valid in general when x > (mTc). Thus for the purpose of 
numerical computation expressions based on mca given by Sugimura are quite 
accurate, as long as screening is negligible. The same conclusion does not apply to 
Dutta’s calculation, however. It has been pointed out that the values of Auger rate 
calculated by Dutta should be modified by an extra factor \F{qt)\^, Taking the above 
reasonable yalues of q^, one finds that \F{qt)\^ ^ 0*016. 

It may be of interest now to compare the Auger lifetime calculated from 
the present theory with the values given by other workers. For this purpose, 
we take wavelength = 1*3 corresponding to zero dispersion in optical fibres, 
L = 200 A and the injected carrier density n=lxl0^®cm"^. The values obtained 
from the present theory will differ from Dutta’s calculation by a factor |F(^t)|^. The 
value of = 7 nsec is obtained for the present situation from figure 5 of Dutta’s paper. 
However, in his calculation a factor of 2n was omitted while arriving at (3.6) and the 
value = 7 nsec is therefore In times too high. Taking this into consideration and also 
noting that |f (^,)|^ = 0*0144, we obtain = 77 nsec from the present theory. This 
value is obtained by assuming the ccch process to occur between only the lowest pair of 
subbands. 

The values of^^ for the chhs process for different values of injected carrier density 
and of well thicknesses have also been given by Sugimura. It has been pointed out by 
Dutta that the Auger lifetimes for ccch and chhs processes are of the same order. Our 
results cannot be directly compared with Sugimura’s values, since the latter are 
obtained considering multiple subband pairs. At low values of well thickness, however, 
the subbands are wide apart and simult^eous energy and momentum conservations 
are expected to be satisfied by the lowest pair of subbands only. Therefore, a 
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comparison may be possible if the values for small well thicknesses given by Sugimura 
are extrapolated. An approximate value of = lOOnsecforn = 1 x 10^® cm”^andAo 
= 1*07 /on is obtained by this procedure. This 3 delds a value of 80 nsec for at 1 *3 //m, 
which is in close agreement with our results. 

Recently, the Auger lifetime for InGaAsP dh laser has been estimated from 
experimental data (Sermage et al 1983). At Aq = 1 -3 /xm and for n = 1 x 10^ ® cm " ^ the 
deduced value for is 55 nsec. No such estimate for qw lasers from experimental data 
exists at the present moment. Smith et al (1984) however, pointed out that should be 
of the same order in both the dh and qw lasers. Our estimate for Auger lifetimes 
therefore is of the same order as the experimentally deduced values. 


4. Conclusions 

We have obtained the expression for the matrix element for Auger transition in qw 
lasers by taking a potential appropriate for quasi 2D electrons. It is found that when 
screening is neghgible, the matrix element reduces to the one obtained by assuming 
screened coulomb potential for bulk electrons. The estimated Auger lifetinle is in 
agreement with the values obtained by other workers and is of the same order as the 
value deduced from experiment. 
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Dr N. S. Satya Murthy died suddenly of a heart attack on October 8,1984 just as he was 
coming into work on that fateful morning. He was then 48 years of age and was holding the 
position of Associate Director of the Physics Group at the Bhabha Atomic Research Centre. 
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very rapid development of science in India after independence. He grew with it and 
contributed to it in ample measure. On completion of his M.Sc. degree in Physics from 
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the guidance of P. K. Iyengar as one of his first colleagues at the Bhabha Atomic Research 
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Science Congress to be held in January 1985 at Lucknow. Unfortunately, he did not live to 
give this talk. This article is reproduced at the end of this issue. 

Neutron diffraction was not the only area which Satya Murthy concerned himself with. 
The need for study of elementary excitations in regions of momentum-energy transfer space 
which could not be accessed by neutrons led him to augment and introduce other 
experimental techniques. These included Compton profile spectroscopy, Mossbauer 
spectroscopy, electron spectroscopy, etc. He took special interest in developing low 
temperature physics and cryogenics activities at Bhabha Atomic Research Centre, involving 
both basic and applied programmes. A programme of developing super-conducting 
materials and magnets initiated by him resulted in development of Nb-Ti wires and magnets 
upto several Teslas. In parallel, activities for carrying out low temperature D.C. resistivity, 
magnetic susceptibility, electron tunnelling spectroscopy were initiated. In more recent 
times he was deeply involved in the setting up of the Centre for Advanced Technologies at 
Indore. 

Satya Murthy was always interested in the broader development of science as an integral 
part of society. This led him to take active part on various activities like organisation of the 
Nuclear Physics and Solid State Physics Symposium of the Department of Atomic Energy, 
and the Indian Physics Association. It was due to his efforts that the Indian Physics 
Association started organising topical seminars and took the steps towards bringing out 
monographs on various branches of physics. He served as the General Secretary of the 
Indian Physics Association on more than one occasion. 

On a personal level Satya Murthy was a charming conversationalist with widespread 
knowledge on a vast variety of subjects. This was Indeed one of the reasons for his being 
able to inspire a number of people. 
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demise. He was awarded the Shanti Swarup Bhatnagar Award for Physics In 1980. He was a 
member of the editorial board of this journal. The large circle of his friends and colleagues 
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Intergrowth structures in inorganic solids: A new class of materials* 


CNR RAO 

Solid State and Structural Chemistry Unit and Materials Research Laboratory, Indian 
Institute of Science, Bangalore 56001^ India 

Abstract. An increasing number of inorganic solids forming long-period structures due to 
recurrent intergrowth of two chemically distinct but structurally related units are getting to be 
known in recent years. These novel structures have given rise to new chemistry at solid-solid 
interfaces. Besides intergrowth structures with long-range order, many solids with random 
intergrowth (similar to stacking faults in polytypes) are known. Ordered intergrowth gives rise 
to homologous series of structures in many systems. Barium ferrites, the Aurivillius family of 
oxides and other perovskite-related oxides, siliconiobates, and tungsten oxide bronzes are 
some of the systems exhibiting ordered intergrowth structures. Both ordered and disordered 
intergrowths are fruitfully investigated by high resolution electron microscopy. The main 
emphasis in this article is on intergrowth structures where the component units are 
compositionally different. These systems are obviously most fascinating since compositional 
change occurs across each interface (intergrowth plane), unlike in polytypic materials where 
the composition remains constant. Even in ordered intergrowth structures,* there is always 
some disorder. If order in an intergrowth structure does not prevail over large distances, but 
occurs only over shorter stretches (say, a few repeats of the sequence), it becomes difficult to 
describe the solid except in terms of the gross composition and where possible, the unit cell 
dimensions. Structures with occasional intergrowths are found in a variety of materials such as 
^-alumina, Magneli phases, silicates, ferrites and several other oxide systems. In addition to 
examining the structural features of various intergrowths, the origin of the intergrowth 
phenomenon is discussed. 

Keywords. Intergrowth structures; random intergrowth; Recurrent intergrowth; solid-solid 
interface plane. 


1. Introduction 

The phenomenon of intergrowth in solids is not uncommon, polytypism and epitaxy 
being well-known examples. The phenomenon is gaining greater interest because of the 
large variety of inorganic solid materials exhibiting novel structural features due to 
random or recurrent intergrowth (Rao 1982; Rao 1984a; Rao and Thomas 1985). 
Polytypic solids such as SiC, ZnS, Cdl 2 , TaS 2 and perovskite oxides (^^ 03 ) possessing 
close-packed or layered structures and exhibiting unit cells which differ in dimension 
along one of the three axes of the crystal are well documented in the literature (Verma 
and Krishna 1966; Rao and Rao 1978; Rao 1984b). Polytypism arises because of 
differences in the sequence of stacking of layers along one axis of the crystal, the 
different stacking sequences being energetically similar; the unit cell parameter in the 
unique direction falls anywhere between a few Angstroms to a few thousand 
Angstroms. Long-period polytypes show evidence for considerable disorder (stacking 
faults), different polytypic forms often being present in different regions of the same 


♦ Contribution No. 312 from the Solid State and Structural Chemistry Unit, dedicated to the memory of 
Dr. N S Satya Murthy of the Bhabha Atomic Research Centre. 
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crystal. Long periodicities in crystals have been observed in other situations as well. For 
example, in a simple alloy such as CuAu, the ordering pattern switches between 
alternative sublattices of the unit cell at regular intervals due to electronic factors (Sato 
et al 1967). Defective metal oxides are known to form supercells due to the ordering 
of vacant lattice sites (see for example, Rao et al 1984). Then, there are the series of 
homologous oxides (e.g. Ti„ 02 „-i, W„ 03„_2 with extended planar defects 
(crystallographic shear planes) showing long periodicities (Anderson and Tilley 1974; 
Tilley 1980). What is of special interest to us here is the discovery of an increasing 
number of inorganic materials forming long-period structures entailing recurrent 
intergrowth of two or more chemically distinct but structurally related units. Such 
intergrowths may be considered to constitute a new kind of chemistry at solid-state 
interfaces. 


2. What are intergrowth structures? 

Intergrowth seems to occur between two distinct, but related crystal structures with a 
crystallographic plane that is nearly identical in dimensions as well as structural 
features. Across this interface, the crystal can pass from one structure to the other 
without much strain, but with a change of composition. If C and I are two such 
structural units, coherent iiitergrowth with a variety of random stacking arrangements 
can be visualized e.g., . . . CCCIIICCC ..., CCCICCC . . ., CCICICC . . . , 
IICICCIICCC .. . etc. (figure 1). Such disordered intergrowths (similar to stacking 
faults in polytypes) are found in a number of systems both with and without change of 
chemical composition; they include silicate minerals, ^-alumina, Magneli phases and 
tungsten oxide bronzes. More importantly, coherent intergrowth between two phases 
can occur at regular intervals comprising different ordered arrangements of the 
component structures (figure 1). Recurrent ordered intergrowth can generate a 
tiomologous series of solids with large unit cells; different ordered arrangements with 


ORDERED INTERGROWTHS 

Cl Cl Cl Cl Cl CI..^ ^ 

> -Homologues 

CII CII CII CIl... J ^ 

CICIII CICIII CICIII... ( Polytypes 
CCIIII CCIIII CCIIII.J 
DISORDER IN ORDERED INTERGROWTHS 
Cl CI.CI^CI CIC... 

CII CII ,ci ciiL CII... 

1 

DISORDERED INTERGROWTHS 
Cl CII cm Cl CCII... 

CCI CCCII CCI Cl ... 

Figure 1. DiiFerent types of intergrowths in solids formed by the two units C and 1. Arrows 
show faulted sequences. 
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Figure 2. Polyhedral models of the M and Y blocks which stack along the hexagonal c-axis 
to form the barium ferrites, Mp\ (following Anderson and Hutchison 1975). 


the same chemical composition result in polytypism. A good example of recurrent 
ordered intergrowth is provided by the family of hexagonal barium ferrites (Kohn et al 
1971; Anderson and Hutchison 1975) formed by the intergrowth of BaFei 2 0 i 9 
(M phase) and Ba 2 Me 2 Fe ^2 O 22 phase) with Me = Zn, Ni, Mg etc. (see figure 2). A 
number of compounds of the general formula starting from MY (c = 26 A) to 
^ 8^27 (c = 1^55 A) have been reported. These ferrites also show polytypism resulting 
from different permutations of the intergrowth sequence (e.g. M 2 I 4 can be MY 2 MY 2 , 
M 2 Y 4 , or MYMY^); many of the long-period compounds show disorder. 

Some of the intergrowth structures have wrongly been referred to as polytypes in the 
literature. Polytypism implies that there is no change in chemical composition; the 
recurrent ordered intergrowth structures certainly cannot be included under this 
category. Disordered intergrowth phases may be polytypic as in silicate minerals, but 
would involve change in composition if the component units forming the intergrowth 
are chemically different. 

Several systems form chemically well-defined recurrent ordered intergrowth struc¬ 
tures (ois) with large periodicities, rather than random solid solutions with variable: 
composition, although the ordered intergrowth structures themselves frequently show 
the presence of wrong sequences (figure 1). The presence of wrong sequences or 
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lamellae is evidenced in the form of streaking in x-ray diffraction patterns, but is better 
revealed by a technique that is more suited to the study of local structure. Diffraction 
techniques generally give accurate structural data averaged over a large number of unit 
cells. High resolution electron microscopy (hremX on the other hand, is ideally suited to 
investigate the real structure of solids on an atomic scale (Kihlborg 1979; Thomas and 
Jefferson 1978; Rao 1983, 1984a). Lattice images obtained from hrem enable a direct 
examination of the extent to which a particular ordered arrangement repeats itself and 
the presence of different sequences on intergrowths, often of unit cell dimensions. 
Selected area electron diffraction which forms the essential first step in hrem provides 
useful information (not generally provided by x-ray diffraction) regarding the presence 
of supercells due to intergrowth or defect ordering. 

We can specify certain criteria for the formation of intergrowth structures; (i) For 
intergrowth to occur, there must be at least two basic units which are structurally 
related but compositionally different and possess a common plane similar in 
dimensions; (ii) For ordered intergrowth, the two phases must be generally capable of 
independent existence. There could also be disordered coherent intergrowth involving 
a unit that has no independent existence in bulk as exemplified by the occasional 
presence of the n = 3 member of the Bi 2 W, 03,+3 family in a matrix of the n = 2 
member, the n = 3 member has not been isolated, (iii) Intergrowth can be regular and 
rwiment ^ving rise to well-defined structures (ois) with long-range order. Condition 
(i) distinguishes coherent intergrowth structures from polytypes and requires a change 
m stoichiometry across the intergrowth plane which in turn would give rise to 
compositional inhomogeneities in crystals. 

Disordered intergrowth structures raise questions regarding the traditional de¬ 
finition of a “single phase”. Noting that much of the evidence is obtained by hrem of 
single crystals, one may wonder how a unit cell should be defined in such disordered 
systems. Then, there is the question of how many regular repeats of a particular lamcillar 
sequence should be present before we consider an intergrowth to be a bonafide case 
with discrete structure. Can one define a borderline between disordered and ordered 
intergrowths? What is the origin of the long-periodicity found in some of the 
intergrowth structures? Is it thermodynamic or kinetic? If thermodynamic, what is the 
nature of interactions responsible for such remarkable periodicity? These are some of 
the issues that will be examined after a brief presentation of the important experimental 
results on rwunent as weU as disordered intergrowth structures. We shall attempt to 

v •<™ctun=s a,, no long» aSLS 

than suspected; they do indeed constitute a novel 

class of inorganic compounds. 


3. Ordered intergrowth structures 





Intergrowth structures in inorganic solids 


159 


Table 1. Recurrent ordered intergrowth structures forming homologous series^®^ 


1. Barium ferrites 

(i) MpYq where M - BaFei20i9 and Y = Ba2Me2Fei2022 (Me = Zn, Ni etc.); 
Ba2„+pMe2„Fei2(«+p)022n + i 9 p with n = 1 to 47 and p = 2 to 12. 

(ii) MS„ where S = Me2Fe408 with n = 1,2,3,4 (Anderson and Hutchison 1975) 

2. Perovskites 

(i) BuA„+„- 2 Bm+n 03 (m+n )+6 foimed by Aurivillius oxides of the type Bi 2 A„-iB„ 03„+3 
(Gopalakrishnan et al 1984) 

(ii) A„B„ 03„+2 such as (Na, Ca)„Nb„ 03„+2 with n = 4-4-5 (Fortier et al 1975; Ganapathi and Rao, 
unpublished results) 

(iii) A„+i BnOj^+i as exemplified by Sr-Ti-O and La-Ni-O systems (Tilley 1980; Mohan Ram et al 1985) 

3. Tungsten bronzes 

(i) i 4 ,W 03 (itb) with A = alkali metal, Bi etc. (0-0 < x < 0-1) (Kihlborg 1978; Ramanan et al 1984) 

(ii) AxMx'Wi-xO^ (bronzoids) with Af = V, Nb etc. (O0 < x < 01) (Kihlborg and Sharma 1982) 

(iii) A;5P408(W03)2„ with m = 4-10 (Hervieu and Raveau 1982) 

(iv) K,P 204 (W 03 ) 2 « with m = 2 (Groult et al 1982) 

(v) P408(W03)4« (Benmoussa et al 1982a) 

(vi) ACu 3 Af 7 02i with M = Ta, Nb (Benmoussa et al 1982b) 

4. Siliconiobates 

(i) (A 384026 )«(A 3 Nb 8 -,M, 02 i) with A = Ba, Sr; M = Ta, Nb (Studer and Raveau 1978) 

(ii) (Ba 3 Nb 684026 ) 1 . A 3 Nb,Af, 02 i with A = K or Ba; Af = Ti, Ni, Zn etc. (Chailleux et al 1978) 

5. Others 

(i) (ATi60i3)« (A'T 409 ),h with A = Na, A' = Ba (Hervieu et al 1980) 

(ii) La 2 03 “Th 02 system (Van Tendeloo et al 1979) 


(a) For a general discussion of the subject see Rao and Thomas (1985). 


oxides of the Aurivillius family of oxides (Aurivillius 1950; Ramanan et al 1984) seem to 
be bonafide ois. Identification of ois has by and large been based on hrem often 
supplemented by x-ray diffraction. The ordered arrangement in any given sample is 
generally checked by examining the lattice images of several crystals. There is little 
doubt thBt the ordered structures are equihbrium structures rather than accidents of 
random stacking during growth. 

Barium ferrites: Hexagonal structures of these oxides are built up of close-packed 
oxygen atoms and BaOa layers; these layers are stacked one on top of the other so as to 
retain the hexagonal symmetry of each layer. Small cations such as Mg^'^, Zn^"^ and 
Mn^"^ occupy the inter-layer octahedral and tetrahedral layers. The structures of Mp 
(M = BaFei20i9 and Y= Ba 2 Me 2 Fei 2 022) may, in fact, be considered as inter¬ 
growths of perovskite and spinel layers (Anderson and Hutchison 1975). The large 
number of ferrites with a wide range of unit cell dimensions found in this family are all 
formed within the narrow range of oxygen to metal ratio of 1*42857-1 *39179. Mp 
ferrites have been investigated by hrem (McConnel et al 1974; van Landuyt et al 1974; 
Anderson and Hutchison 1975) and we show a typical lattice image of an ois of a barium 
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composition MYMYs (Anderson and Hutchison 1975). 
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ferrite in figure 3 to illustrate the remarkable order as revealed by hrem. The complexity 
of the ordered sequences in the Mp phases is illustrated by the ferrite M 12 which 
has the composition Baio 6 Ni 94 Fe 708 O 1268 with 12 M units in primitive repeat; such a 
phase could only have been identified with the aid of hrem. It is interesting that solids of 
the composition Mp with Al^ in place of Fe^ are not formed, suggesting the role of 
magnetic interactions in forming the long period structures. The M phase also forms a 
series of solids of the general formula M„S(S = Me 2 Fe 4 08). 

Perovskites: If the perovskite structure is cut parallel to the (110) planes, slabs of the 
composition 1 B^O 2,^+2 are obtained; if these slabs are stacked, an extra sheet of A 
gets introduced giving rise to the family of oxides of the general formula ^„jB„ 03 „+ 2 - 
Typical members of this family (Nanot et al 1974) are Ca 2 Nb 2 07 (M = 4), 
NaCa 4 Nb 5 Oi 7 (n = 5) and Na 2 Ca 4 Nb 6 O 20 (n = 6). hrem and x-ray studies show that 
an ordered intergrowth structure with n = 4*5 with the composition NaCa 8 Nb 9 03 i 
corresponds to alternate stacking of n = 4 and n = 5 lamellae, although occasionally 
. . . 44554455 . . . type of stacking is also encountered (Carpy and Fortier 1974). In 
figure 4, we show an hrem image of the n = 4*5 intergrowth. Between n = 4 and 4*5 a 
large number of ordered solids are found with the b parameter of the unit cell ranging 
anywhere from 58*6 A in the n = 4*5 compound to a few thousand angstroms in longer 
period structures (Fortier et al 1975). In figure 5, we show the lattice image of the 
n = 4*33 intergrowth which shows a complex polytypic sequence instead of the 445 
sequence. The complexity of the stacking patterns in such intergrowths is bewildering; 

V for example, in one of the intergrowths, the repeat sequence is 444454445 ^^^^ 
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Figure 5. Uttice image of the n = 4-33 member in the 4. ,B O, series with the 
sequence 544545445444 with a repeat unit of 176 A instead of the simple 544 sequence with a 

SSS 2 S POITOP. ,™,^h b, L 


>♦445^^5. Uiese solids seem to belong lo the class of inSnitely adaptive stnictnres 
iescnbed by Anderson (1973). 

Several ye^s ago, Aurivillius (1950) described the family of oxides of the general 

mterleai^ by (B^Oj) layers. Typical members of this family are 
’ Bi 3 Tii. 5 Wo.j 09 (n = 2), BuTi 30 i 2 (n = 3) and BisTijCrOu 
” -A investigated in detail by hrem (Hutchison et al 1977a) These 

)xid^ form mtergrowth structures of the general formula Bi 4 A„^„_,B„+, 03 , + 
nvolvmg dtemate stacking of two Aurivillius oxides with different n values 
JK with (1,2) (2,3) and (3,4) mtergrowths have been fully characterized by x-ray 

tackmg of the type (3,3,4) have not been found, but short stretches with such 
equ^ences have ^n noticed m the electron micrographs. These materials seem to be 

ordered intergrowth since other factors such as 
fir possibility of infinitely adaptive structure do not 

oSk fn T' penodicity found in the recurrent intergrowth 

lectr/ the A^vilhus family of oxides is illustrated by the high resolution 

■minted image are also shown. This micrograph almost appears to be the ultinmte in 

esolutionsmwwecan dearly see the interfaceofBiatoms between then = 3andn = 4 

CToSelayerf constituting the 
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Bi9M'7027 

Figure 6. Schematic illustration of the first three members of a homologous series of 
structures Bi 4 i 4 „+«_ 2 ^«+ii 03 („+„)+ 5 . A and Bi ions are shown as filled circles and oxide ions 
as open circles; AfOg groups are shown in polyhedral form. 


Oxide bronzes: The relative ease with which WO 3 forms tetragonal, hexagonal or 
perovskite-type bronzes by interaction with alkali and other metals is well known 
(Eckstrom and Tilley1980; Rao et al 1984). The new family of intergrowth tungsten 
bronzes (itb) involving the intergrowth of nWOa slabs of one to three strips of the 
hexagonal tungsten bronze (htb) is of relevance to our discussion here. In these 
intergrowth tungsten bronzes (Hussain and Kihlborg 1976; Kihlborg 1978) of the 
general formula MjcWOa, x is generally OT or less and depending on whether the htb 
strip is one or two tunnel wide, itb are classified as belonging to ( 0 , n) and ( 1 , n) series. 
HTB strips of two tunnel width seem to be most stable in itb and many ordered 
sequences of the (0, n) and the (1, n) series have been identified (figure 8 ). In figure 9, we 
show the HREM image of an ordered itb. Recently, itb phases of Bi have been 
characterized (Ramanan et al 1984) and in this system the htb strips are always one- 
tunnel wide (figure 10). Displacement of adjacent tunnel rows due to the tilting of WO 3 
octahedra often results in the doubling of the long-period axis of the itb. Complex 
intergrowth sequence such as [( 1 , n),(l, n')y~\^ are also known. A typical member of such 
a series is [ (1, 7)5 (1, 8 ) 2 ] with a repeat distance of425 A. When pentavalent metals such 
as V and Nb partly replace W in an itb, we get fully oxidised bronzes called bronzoids 
(Kihlborg and Sharma 1982). Bronzoids are also ois but with a greater proportion of 
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Figure 7. hrem image of BisTigCrO^, formed by the recurrent ordered intergrowth of BuTijOij (n = 3, Aurivillius phase) and 
BijTiaCrOis (n = 4). Computer-simubted image and structural model are also shown (from Gopalakrishnan et al 1984). 
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(1,41 


(1,5) 


( 1 , 6 ) 

Fignre 8 . Structural drawing of different (1, n) intergrowth tungsten bronzes. Hexagonal 
tunnels of the htb strips separate WO 3 slabs (after Kihlborg 1979). 


the HTB, triple tunnel htb strips being more stable. Bronzoids exhibit superstructures 
resulting from complex repeat sequences. 

Intergrowth structures of the general formula P 4 Og (WO 3 ) 2 „ where A = K or Rb 
have been prepared (Hervieu and Raveau 1982). These sohds which are analogous to 
HB, comprise WO 3 slabs connected through P 2 67 groups. Solids with m between 4 and 
10 have been characterized. Compounds with odd values of m are also found to possess 
structures built up of distorted hexagonal timnels formed by comer shared octahedra 
and P 2 O 7 groups (just as the even m members), but accompanied by a shifting of 
successive rows; the odd m members are not intergrowths of two even m members with 
different widths of the WO 3 slabs. The a parameter of the unit cell varies between 10‘2 
and 21-4 A for m = 4 —10. The bronze K,P 204 (W 03 ) 2 „ with m = 2 where two 
octahedra wide WO 3 slabs are connected through planes of PO 4 tetrahedra has also 
been described (Groult et al 1982). P 4 Og (WO 3 ) 4 ,„ with m = 2-5 is found to be a regular 
intergrowth formed by m = 2 and 3 members (Benmoussa et al 1982b). 












■■■ 
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Figure 10, (a) hrem image of Bio.aWOs (nominal composition) obtained with a 200 kV 
electron microscope. Selected area electron diffraction and x-ray emission spectrum (indicat¬ 
ing the presence of Bi) are also shown. The image corresponds to the [001] projection. 
(b)HREM image of Bio,iW 03 (nominal composition) obtained with a 500 kV electron 
microscope. Dark circles in the one-tunnel wide htb strips are Bi atoms. The structural model 
is also shown. (From Ramanan et al 1984). 
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Intergrowth structures of the formula ACUi M-j O21 where ^4 — K, Rb, T1 or Cs and 
M = Nb or Ta are formed (Benmoussa et al 1982a) by the intergrowth of a slice of the 
HTB, AMiOg and double slabs of the distorted perovskite, CU3M4O12; we notice 
that the two components in this system are oppositely charged and intergrowth 
would be necessitated by the charge neutrality criterion. Formulating these solids 
as IM3O9I™ |M206|?*°’^‘', structures of solids such as SbjMoioOji and 
CajTlTasOis can also be rationalised. 

Silicates-. Long period structures of mica with periodicities upto 200 A are known; 
in chesterite, alternating double and triple silicate chains are found to be present 
(Veblen et al 1977). Some aspects of intergrowth silicate structures have been dis¬ 
cussed by Rao and Thomas (1985). A family of ois structurally related to silicates 
is that of siliconiobates formed by A3 Mg 84026 or Kg Mg 84025 {A = Ba, Sr and 
M = Ta, Nb) and A3Nb8-xM,,02i (A = Ba, K and M = Nb, Ti, Cr, Fe, Zn, Mg, 
etc.). We shall illustrate this by the prolific number of intergrowths formed be¬ 
tween Ba3NbgS402g and Ba3Nb4T402i. Intergrowth structures of the type 
(Ba3Nb6S402g)„, Ba3Nb4T402i with n between 0 and 15 and the c axis between 
11-77A and 240A are known (Nguyen et al 1976). These solids in turn form regular 
intergrowths consisting of lamellae of n and n -I- 1 units stacked alternately. These 
form still more complex intergrowth structures (Studer and Raveau 1978) with 
sequences such as (||6,5|5|4||4|3||4|3j|)„ and (||4|5||4|5||4|5||4|4||)„. Just as the 
(Na,Ca)„Nb„03„+2 family, the siliconiobates also seem to be infinitely adaptive 
structures (Anderson 1973; Anderson and Tilley 1974). Intergrowth structures of the 
type (Basing84025);, A3NbxMx02i with A = K or Ba and M = Ti, Ni, Cr etc. are 
known (Chailleux et al 1978). 

4. Disordered intergrowths 

Disordered intergrowth is a phenomenon commonly encountered in diverse systems. 
Disorder is found even in systems forming ordered intergrowth structures especially in 
those with long periods. For example, the barium ferrite of the formula M2Tg 
frequently shows lamellae of M2T7. MjTg and M^Yj. 8imilar disordered intergrowth 
has been seen in the hrem lattice image of higher members of the Aurivillius phases 
(figure 11) as well as in intergrowth tungsten bronzes (figures 12 and 13). 
Microsyntactic growth of neighbouring members of the V„02„-i family occurs 
frequently (Hirotsu et al 1982), but no long range order has been observed hitherto. 
VgO,3 similarly incorporates occasional strips of VO2 (Calbet et al 1981). In oxides of 
the general formula A„+iB„03x+i, ois of neighbouring members are not found; 
instead, disordered intergrowth of different members occurs, typical of these systems 
being 8r-Ti-0 (Tilley 1977) and La-Ni-O (Mohan Ram et al 1985). Thus in the hrem 
images of La3Ni207 arid 1*4^3010, we see lamallae of other members of the 
L^n+iNi„03„+j series (see figure 14). In jS-alumina, as well as in the corresponding 
gallia, p and forms intergrow randomly (figure 15) and the latter form is generally 
not found m the pure state (Ganapathi et al 1985). Oxides of the formula 
®^2CaNax_2Nb„03„+3 (n = 5—8) are found to incorporate intergrowths of several 
members of the family (Horiuchi et al 1980). 

Nowhere is disordered intergrowth more prevalent than in silicate minerals 
(Hutchison et al 1977b; Rao and Thomas 1985; Thomas et al 1982; Veblen and Buseck 
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Figure 11. Disordered intergrowth in the Aurivillius phase of nominal composition 
Bi 9 Ti 3 Fe 5 0 27 (from Hutchison et al 1977a). 


1979). Disordered intergrowth in silicates is generally polytypic. The power of hrem in 
the study of silicate intergrowths is truly phenomenal. A fascinating instance of 
intergrowth is that discovered recently in zeolites (Millward et al 1983). By employing 
HREM along with optical diffraction and computer graphics, it has been possible to 
obtain descriptions of intergrowth structures of zsm-5 and zsm-11. In one of the 
samples, zsm-1 1 strips occurred in zsm-5 at an average spacing of 8 ca 66 A. In another 
intergrowth, one slab of zsm-5 was related to an adjoining slab by a rotation through 
90° around a [001] axis. 

It was mentioned earlier that disordered intergrowth affects stoichiometry (unless 
the component units are polytypic) and this would be the case in most of the systems 
discussed in this article. It is thus possible for single crystals of such materials to exhibit 
variations in composition and structure along a particular direction. 


5. Microdomain structures 

Unusual superstructures of conipounds of the formula SrjcNdi_j^Fe 03 _y have been 
described recently (Alario-Franco et al 1982). In this system, the doubling of one of the 
perovskite cell axes is random in the a, bore directions within the same crystal. This has 
been considered to be due to the existence of a microdomain texture wherein the 
domains are randomly intergrown in three dimensions. Within a single domain, the 
structure is considered to be between that of the perovskite and brownmillerite; these 
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Figure 12. 
1978). 


Disordered CSj^ WO3 itb showing different widths of WO3 slabs (from Kihlborg 



two structures are indeed found in Ca and Sr ferrites depending on the composition. 
Random superstructure along each of the cubic sub-cell directions of oxygen excess 
Ca 2 LaFe 3 08 (see Rao et al 1984 for details of such defect structures) has also been 
considered to be due to a similar microdomain structure (Alario-Franco et al 1983a). 
These structures, also found in other Ca^cLai.^FeOs-y compounds prepared under 
oxidising conditions (Alario-Franco et al 1983b), seem to involve the intergrowth of the 
brownmillerite structure microdomains in the structure of Ca 2 LaFe 3 08; samples 
prepared at low oxygen pressures, on the other hand, show disordered intergrowth of 
the two phases, (see Rao et al 1984 for details). While undoubtedly the structures of 
these systems have much to do with the nature of defect ordering, it is interesting to 
speculate whether such domain structures could result from a situation which is 











Figure 14. Lattice images of LaaN^OT and La^NisOio showing the presence of other 
members of the La ,+1 Ni, 03 ,+ j series (from Mohan Ram et a! 1985). 


intermediate between disordered intergrowth and recurrent ordered intergrowth. If the 
compositional planes in coherent intergrowth enclose extended uniform regions, a 
macroscopic crystal can assume a domain structure and a solid solution of irrational 
total composition can possess local order according to two modes of structure and 
composition. 

Interesting types of domains of different oxides in the composition range 
CaMnOj.j-CaMnOj.o have been observed in a recent hrem study of the CaMnOs-, 
system by Reller et al (1984). In CaMn02.5, the Mn^^ ions have square-pyramidal 
coordination while in C;:aMn 03 they have octahedral coordination; accordingly, the 
proportion of square pyramids relative to octahedra decreases as we go from 
CaMn02.5 to CaMnOj. These structures may be considered as superlattice repeats of 
the parent undistorted perovskite, but with the superlattice mesh rotated by an angle R 
in the ((K)l) plane. The superlattice in C:aMn02.8_is y/5 x ^5, but r<^ted by 26-5° 
while that in CaMn02.75 can be represented as ^J2 x 2 yj2 R45° or ^2x4 ■J2R45°. 
In figure 16 we show domains of (2aMn02.8 and CaMn02.75 found in the hrem image. 
In this laboratory, we have recently investigated quaternary oxides of the type 
CaFei_,Mnj 02.5 to examine the nature of superlattices due to vacancy ordering 
(Vidyasagar et al 1985). It may be recalled that CaFe02.5 (x = 0) has the brownmillerite 
structure with Fe^ in octahedral and tetrahedral sites. We would therefore expect 
novel structural manifestations in CaFej _jtMnjt02.5 as x is varied from 0 to 1. It would 
not be surprising to find intergrowths of different structures as well as domains. 

































Figure 15. Lattice images of (a) potassium /^-alumina and (b) sodium ^-alumina showing 
the presence of P" units. Selected area electron diffraction patterns are also shown. (From 
Ganapathi et al 1985). 


6. Disordered intergrowth vs. ordered intergrowth 

Disordered intergrowths can, in principle, be considered as solid solutions of two or 
more different components although uniformity in composition ordinarily found in 
traditional solid solutions may not be present. Presence of a small degree of disorder in 
an essentially ordered intergrowth structure can be understood without any difficulty. 
However, if there is a marginal degree of order in an intergrowth structure, but no long 
range order, we would be faced with the problem of deciding on the criteria for 
recognising a structure as being discrete. In barium ferrites, Kohn and Eckart (1964, 
1967) adopted the criterion that a stacking sequence should repeat itself at least six 
times, if a phase has to be considered discrete. While such a criterion appears obviously 
arbitrary, the problem of distinguishing a truly periodic structure from a disordered 
structure is a genuine one. Since x-ray diffraction cannot detect stacking disorder, we 
cannot have a criterion based on this technique alone. We can however stipulate that 
unit cell dimensions from diffraction measurements should be consistent with those 
expected from the periodicities observed in hrem lattice images obtained with a number 
of specimens of a sample. Although not entirely satisfactory, this is all we can state at 
this stage about the structural characterization of disordered intergrowth materials. We 
must also point out here that the repeat distances in many of the intergrowth structures 
is of the same order as the thickness of the crystals normally employed in hrem; high 







174 


CN RRao 



Figure 16. Image showing the intergrowth of CaMnOj.s and CaMn02.75 (From Roller et 
al 1984). Selected area electron diffraction patterns are also shown. 


resolution studies with thick crystals employing a million volt microscope would be 
worthwhile. 


7. Mechanism of formation of long period structures 

An important question that needs to be answered in relation to intergrowth structures 
concerns the mechanism by which crystals with long periodicities and complex stacking 
sequences are formed. While both kinetic and thermodynamic factors have to be 
considered, it should be noted that the energy difference between the ordered and 
disordered arrangements in intergrowth phases cannot be significantly large (just as in 
polytypes of SiC, ZnS etc.). In order to explain long-period polytypes, it has been 
suggested, that a screw dislocation could propagate growth, once a step with the 
appropriate layer sequence is formed (Frank 1951). Such a mechanism would not be 
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applicable to the large number of ordered intergrowth structures; screw dislocations 
have not been found in any of the systems so far investigated. The impurity rejection 
model (Anderson et al 1972) which is based on conditions during crystal growth from 
melt, is attractive but may account for recurrent intergrowth of systems such as itb. 
Many ois are however formed by solid state reactions. 

It is instructive to compare the phenomenon of coherent intergrowth with epitaxy 
(Mathews 1975). Epitaxy deals with the oriented growth of one crystalline arrangement 
on the face of another. Epitaxy generally involves two parallel lattice planes that have 
nearly identical networks of atoms with similar spacings and is favoured if the misfit 
between crystal faces is not too large (generally < 15%). When the misfit is large, a 
compensating change in the lattice periodicity normal to the surface becomes necessary 
in order to maintain the bulk density; another possibility is the formation of 
homogeneously deformed monolayers. Coherence of the atomic planes is essential in 
epitaxy in order to render the planes of the two crystals into register at the interface. 
Epitaxy has been found in a variety of systems, extending up to a few hundred 
angstroms. Disordered coherent intergrowth also occurs up to a few hundred 
angstroms. Epitaxy cannot however explain recurrent ordered intergrowth in a simple 
way. If one were to invoke epitaxy for the initial intergrowth step, the mechanism of 
propagation remains to be explained, unless one were to suggest repeated epitaxial 
steps. Elastic strain energy which is an important factor in treating the interface 
problem in epitaxy, would also be crucial in explaining ordered intergrowth structures. 
It is possible that elastic energy considerations may indeed explain why some systems 
form ordered intergrowth structures while others do not. 

Elastic interactions (within the framework of continuum elasticity theories) are 
considered to be sufficient to lead to ordering observed in shear-plane structures 
(Stoneham and Durham 1973; Iguchi and Tilley 1977; Catlow and James 1980). 
Infinitely adaptive structures have been explained by Kittel (1978) on the basis of elastic 
interactions. It is noteworthy that in an effort to simulate long range order in polytypes 
(Ramasesha and Rao 1977; Uppal et al 1980), an infinite-range interaction term 
(representing the elastic contribution) has been included in addition to a competing 
short-range interaction term. Following Kittel (1978), the average elastic energy per 
unit area per plane resulting from the uniform strain induced by the intergrowth of 
planes of two units C and / (giving rise to the composition Cl) can be written as, 

v,, = iKdl4){sl-^ef) 

where Sc and C/ are the strains, K is the elastic modulus and d is the interplanar spacing. 
If we assume the planes to be nearly of the same lattice constant, a, will then be 
proportional to (Aa/a)^ since fic = £/ and a{ec + ^l) = Aa. ^ 

Elastic strain energy can be conveniently expressed in terms of the difference between 
the observed and ideal volumes of intergrowth structures. Such an approach has indeed 
been successful in accounting for the formation of ois of Aurivillius oxides 
(Gopalakrishnan et al 1984; Kikuchi 1979). It should be possible to adopt a similar 
guideline to explain the formation of ois in other systems as well. Interestingly, molar 
volumes of the intergrowing phases have been considered as parameters in explaining 
epitaxy. In the case of ordered intergrowths formed by the Aurivillius oxides, 
(Bi202)^‘^ the volume change, AV, is given by, 

AV=2VB(^l~J+riK'„V,(l-^^+(n+l)K:^,V',(^l~^ 
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where Vp and V'p are the volumes of the unconstrained perovskite slabs of n and n H-1 
dimensions, K' is related to the bulk modulus and Vb represents the volume of the 
unconstrained Bi 2 Oj layers. Values of A K calculated for recurrent intergrowths of this 
family are smaller than the sum of the values for the component n and n +1 oxides. 

In order to understand the nature of the elastic strain at the interface in intergrowth 
structures, experimentally obtained high-resolution electron microscopic images have 
been compared with computer-simulated images in the case of ois formed by the 
Aurivillius oxides (Jefferson et al 1984). The images were computed by assuming 
different models involving compression at the interface and dilation of the perovskite 
lamellae. Such a study represents a unique example of partial structure refinement by 
high resolution electron microscopy. The results of the study clearly show the presence 
of strain effects. The effect of elastic strain can be seen even visually in the high 
resolution micrograph (see figure 7) where the two Bi-atom layers at the interface are 
much closer to each other than expected. 


8. Concluding remarks 

The phenomenon of intergrowth has wide-ranging implications in solid state and 
structural chemistry. While disordered intergrowth accompanied by compositional 
changes is likely to be present in a large variety of materials, the recurrent ordered 
intergrowth structures with homology and associated long periodicities should 
certainly be considered as a new class of inorganic solids (see table 1). Undoubtedly, 
more such compounds will be discovered in the years to come. There is considerable 
scope for investigating the mechanism of formation, detailed structure as well as 
properties of these solids. It is possible that some of the intergrowth structures will have 
novel properties; more interestingly, intergrowth may provide a means of com¬ 
positional tuning of properties. 
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Quasi crystals—an overview 

G VENKATARAMAN* 

Reactor Research Centre, Kalpakkam 603102, India 

Abstract. This paper gives a broad overview of recent developments concerning quasi 
crystals. After briefly recapitulating various experimental facts, the architecture of quasi 
periodic systems in various dimensions is discussed. The various density-wave models are then 
reviewed. This is followed by a discussion of the extra long wavelength models which appear in 
such systems. Some comments are then made about possible relationship to recent theories of 
glass which stress local icosahedral order. The paper concludes with an outlook for the future. 

Keywords. Quasi crystals; icosahedral order; incommensurate structures. 


2. The facts 

Not too many facts are available as yet in the published literature, but enough is known 
about the basic features of quasi crystals to appreciate why they are exciting. 

Shechtman et al (1984) investigated alloys of A1 with 10-14 at. % Mn, Fe and Cr. 
Alloy buttons were first prepared by arc melting. Small pieces cut from these were then 
induction heated and melt spun to the desired, rapidly-quenched specimens. Electron 
diffraction showed sharp spots (see figure 1) such as one observes with single crystals, 
except that the observed pattern corresponded to icosahedral point group symmetry 
which is inconsistent with translational periodicity. Twinning was ruled out, and the 
liquid -► quasi crystal transition was found to be of first order. The quasi crystalline 
phase was quite resistant to crystallization, and would convert only when heated to at 
least 400 C. 

1. Introduction 

The recent discovery of quasi crystals by Shechtman et al (1984) has severely jolted our 
notions about the architecture of solids. Under the influence of crystallography, we had 
come to associate extended structural order with translational periodicity, thereby 
excluding long-range order with a non-crystallographic rotational symmetry, e,g. five 
fold. No doubt a few toyed with such ideas (Mackay 1981,1982; Kramer 1982; Kramer 
and Neri 1984), but the latter did not receive much notice. As for the occasional electron 
diffraction pattern exhibiting five-fold symmetry, it was dismissed as being due to 
twinning (which it was e.g. in gold, Ino 1966). 

Late last year, while experimenting with Al-Mn alloys, Shechtman et al discovered 
that a new state of matter with forbidden rotational symmetry was indeed possible. 
Apparently, Nature does tolerate non-crystallographic rotational symmetry by large 
and this discovery of a new phase (promptly christened quasi crystal) has created 
much excitement. The present article gives a broad overview of these stimulating 
developments. 


* Jawaharlal Nehru Fellow 
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Figure 1. Electron diffraction patterns observed by Shechtman et al (1984). 
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Figure 2. Grains of quasi crystals (after Chattopadhyay et al 1985a). 


Around the same time, Field and Fraser (1984) also reported icosahedral symmetry 
in rapidly-quenched Al-15 at. % Mn alloy, but attributed the observed diffraction 
pattern to twinning in the sample—influence of the central dogma (Ramaseshan 1985) 
no doubt! In a subsequent work, Chattopadhyay et al (1985a) discounted the possibility 
of twinning via high resolution electron microscopy. They also noted that the 
individual grains were highly faceted (see figure 2), suggesting that each one of them 
was a single quasi crystal. 

Bancel et al (1985) have performed high resolution x-ray diffraction measurements 
using synchrotron radiation and confirmed that the single-domain icosahedral point 
symmetry does obtain in the rapidly quenched Al-14% Mn alloy. 

Parthasarathy et al (1985) have investigated the effect of pressure, and they find that 
the metastable icosahedral phase irreversibly transforms (via first order) into a 
crystalline phase (figure 3). 

There is thus enough evidence not only to assert that an icosahedral phase exists, but 
also that it is metastable, and can be transformed into a crystalline phase. Several 
questions automatically follow, some of which we deal with in the following sections. 


3. The architecture of quasi crystals 

The first thing one would like to know is how exactly the atoms are arranged in a quasi 
crystal, in contrast to the arrangement, say, in an ordinary crystal. 


3.1 One-dimensional quasi crystal 

It is convenient to start with a one-dimensional quasi crystal, although there is no such 
thing as a non-crystallographic rotational symmetry in ID. What is distinctive is the 
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Figure 3. Quasi crystal to crystal transition under pressure (after Parthasarathy et al 1985). 

replacement of periodicity by quasi periodicity, a feature that is present in higher 
dimensions also. 

Figure 4a shows a periodic chain. There is only one length scale, and the pattern 
repeats after every one step. Figures 4b, c show extensions obtained by the replacement 
rules: A -► AB, A, We observe that with every replacement, the step length for 
repetition increases. The ratio of the number of A tiles to the number of B tiles 
(stoichiometry) evolves as below: 


Period 

5 

8 

13 

21 

34 

55 

No. of B tiles 

2 

3 

5 

8 

13 

21 

No. of A tiles 

3 

5 

8 

13 

21 

34 


The series 1,1,2,3,5,8,13,21,... is the famous Fibonacci sequence determined by the 
recursion formula 


A+/k+l =w4+2* 

Observe that 

ifklfk+ 1 ) 1*61803 = +1)/2 = T (golden ratio). 

Closely related to t is the quantity 

ffs(y5-l)/2 = 0-618. 

Note also xa = 1. 

From a geometric structure point of view, the case where the ratio of step lengths 
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Figure 4. This figure illustrates how a period infinity ABAAB ... ID Penrose sequence can 
be built up from a periodic chain by replacing A by AB and B by A. That is, every chain is 
derived from the preceding chain of the hierarchy (or chains) by this scheme. When the chains 
are iterated an infinite number of times, one obtains a Penrose sequence. 


equals t is particularly interesting. We shall refer to a period oo ABAAB .... sequence 
with step length ratio of t as a Penrose chain. Taking for convenience the length of step 
B to be unity, the density function for the Penrose chain is 

n 

where x„ is the position of the nth site, and is given by 

x„ = niT + /i2 (2) 

where Wj and /I 2 are integers. Note, however, that not all integer values are allowed. 

The above 5-function sequence can be obtained by superposing the waves cos qx and 
cos Qx (with Q/q = 't), their harmonics and various combinations thereof, as illustrated 
in figure 5. Now since t is irrational, the sum (cos qx + cos Qx) never repeats. A 
function of this type is said to be quasi periodic (-this terminology is quite common in 
the study of turbulence). In general,/(x) is quasi periodic on ( — 00 , 00 ) if it is a 
superposition of plane waves exp (IniOkX) with the frequencies cok being irrational i.e. 
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Figure 5. (a) shows the density profile due to a superposition of two **competing cosines”. 
The quasi periodicity inherent is not so obvious but, when regions of positive and negative 
density are highlighted (as done earlier by Mennin and Troian) it is discernible. When more 
harmonics and combinations are added, one approaches a Penrose chain as illustrated in (b) 
and (c). 

for rational = 0 if and only if all r* = 0. Since the Penrose chain is built up 

this way, it may be deemed to be quasi periodic. 

3.2 Penrose tiles 

Moving to 2D, we will see why the name of Penrose was associated with the quasi 
periodic chain. 

Roger Penrose is a distinguished mathematician, relativist and all that, who often 
indulges in mathematics also for recreation! Wondering about covering floors with 
nonperiodic tiles, he proved that a set of two tiles can be foimd such that neither a single 
shape nor the entire set tile 2D space periodically but the set as a whole generates a 
nonperiodic tiling. While the shape of a pair of Penrose tiles can vary, the most 
interesting pair is the kite and the dart (figure 6). In a fas cinat ing article, Martin 
Gardner (1977) illustrates the extraordinary richness of Penrose tiles, 
de Bruijn (1981) has given a detailed mathematical prescription for constructing 
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Figure 6. On the left are shown the kite and the dart. A typical Penrose tiling obtained with 
these is illustrated on the right. 


Penrose tilings. Essentially it involves a superposition of five grids as in figure 7, leading 
to what is called a pentagrid. The dual of this grid is an arrowed rhombus (ar) pattern, 
which is one version of the Penrose tiling. A prescription exists to convert the ar pattern 
into a kite-and-dart one. Arising out of the flexibility in superposing the five grids, a 
variety of Penrose patterns can be generated. More technically, with each pentagrid 
one associates five real numbers yj {j = 0,1, 2, 3, 4) such that Lj yj = 0. Different sets 
y = lead to different patterns. In passing we note that the golden ratio occurs not 
only in the ratio of the number of kites to darts or the number of thick rhombuses to the 
number of thin rhombuses (stoichiometry) but also in the geometry of the shapes. The 
reason for terming the ID chain ABAAB . .. with step length ratio t as a Penrose chain 
should now be clear. 

It is interesting to replace the ar and the kite-and-dart patterns with patterns of 
circles (located at vertices, inscribed etc). Such exercises are suggestive in looking for 
real-life 2D quasi periodic structures. It would seem (Levine and Steinhardt 1984) that 
structures with atoms of two or more different species are likely to be stable. One 
wonders whether such structures can be realized with colloids for example, the way 
Pieranski (1983) has produced 2D colloid crystals. If one can experiment with colloids, 
one would be able to directly photograph the structure and this would be particularly 
helpful in elucidating the defect structure (see also §5). 

3.3 Symmetry of Penrose tiles 

Penrose tilings obviously lack translational periodicity, but do they have any group 
symmetry at all? There is no explicit answer to this question in the literature but de 
Bruijn does identify transformations of the type y-^y* which leave the pentagrid 
invariant. Presumably from this one could construct a group of transformations. One 
suspects that as in the case of nonsymmorphic crystallographic space groups (e.g. that 
of the hexagonally closed packed lattice) one can talk of an underlying point group 



Figure 7. (a) shows five grids, the superposition of which leads to a pentagrid (b). From this 
can be constructed an ar pattern as in (c). Observe that the pattern is built out of two tiles, the 
thick rhombus and the thin rhombus. By adding suitable arrows on the edges, one can ensure 
that neither the thick nor the thin rhombus can by itself tile the plane periodically. The ar 
pattern can be converted into a kite-and-dart pattern [see (d)] using rules given by de Bruijn. 


which has a five-fold rotational symmetry. Certainly, various arbitrary Penrose tilings 
constructed as described by de Bruijn all appear to have the same rotational symmetry 
as far as the diffraction pattern is concerned (G Athithan, private communication). 

Self similarity is another interesting feature of Penrose tilings. Suppose in the ID 
Penrose chain one systematically omits a particular set of points. The resulting 
(depleted) chain is a copy of the original one, though inflated. This is self similarity, and 
obt^s with higher-dimensional Penrose structures also. One must however be 
cautious and remember that self similarity applies only to tiles as such. When tiles are 
replaced with atoms and potentials are switched on, the resulting atomic structure may 
not be self similar (Sachdev and Nelson 1985). Elser (1985) also has drawn attention to 
the possibility that 3D Penrose structures could be configurationally disordered. He 
notes, however, that the symmetry and sharpness of the diffraction pattern is unaffected 
by this kind of disorder. 

Operationally, one can visualize the build up of a Penrose-type system by starting 
with a seed quasi crystal and going through a sequence of successive generations (as one 
does in the rabbit breeding problem often used to illustrate the Fibonacci numbers). In 
ID this is readily illustrated. Let the seed be >4, B. The next generation is then given by 


/I 


\/A\ 
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where the 2 x 2 matrix is the transfer matrix. Repeated application of the transfer 
matrix leads to higher generations and finally to the Penrose sequence. 

3.4 The Levine-Steinhardt scheme 

Levine and Steinhardt (1984) generate quasi periodic structures by a scheme which is an 
extension of de Bruijn’s. Instead of using five equally-spaced fringe patterns as in 
figure 7, they use fringe patterns each of which is a quasi periodic string (figure 8). The 
intersection points of these five quasi periodic fringe systems define a quasi periodic 2D 
network. 

The individual fringe systems could be more general quasiperiodic strings based on a 
{k X k) transfer matrix whereupon one obtains a k-quasi crystal. These ideas have been 
extended to 3D also. 

3.5 Penrose structures in 3D 

Three-dimensional Penrose-type structures have been considered by Mackay (1981), 
Kramer (1982) and Kramer and Neri (1984), and it emerges that analogous to the thick 
and the thin rhombuses, one has two types of quasi unit cells namely, the acute and the 
obtuse rhombohedra. Kramer and Neri offer a systematic scheme for generating such 
3D icosahedral structures. In a sense, their method is an extension of de Bruijn’s, and 
involves first projecting a (hyper) cubic lattice from 12-dimensional space onto 3D 
space (defined by the representation space of an appropriate 3D irreducible representa¬ 
tion of the icosahedral point group); this leads to a hexagrid. The dual structure then 
defines a tiling of 3D Euclidean space with the two types of rhombohedra mentioned 
above. In practical terms, the hexagrid is defined by six sets of equally-spaced parallel 
planes, each set being perpendicular to one of the six (distinctive) faces of a regular 
dodecahedron (—compare with figure 7). In a quest for amorphous structures “which 



Figure 8. This figure illustrates the Levine and Steinhardt prescription for building a quasi 
crystal by considering a it = 2 example in 21) (it is the number of incommensurate intervals). 
Essentially it is like that of de Bruijn except that equally spaced fringe systems are replaced by 
Penrose-type fringe systems. 
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propagate an icosahedral symmetry”, Levy (1985) has indicated a similar mapping of 
simple cubic structure in 6D onto 3D space. 

Nelson and Sachdev (1985) have employed a different approach based on an earlier 
work by Mossed and Sadoc (1984) concerning amorphous structures. The latter 
authors sought to build a model for glass by starting with a regular polytope, the 
analogue of a Platonic solid in 4D, and introducing disclinations. The quintessence of 
their construction is described by the recursion relation 

( Z'12\ /l3 12 12\ (Z\l\ 

Z'14 = 0 3 4 ( Z14 . (4) 

Z'16 J \5 6 8/\Z16/ 

Here Z12, Z14 and Z16 denote the number of atoms in a given generation with 
coordination numbers 12,14 and 16 respectively, while the primed quantities indicate 
the numbers in the succeeding generation. The (3 x 3) matrix is the transfer matrix of 
the problem. Mossed and Sadoc found that the end product of their effort was not an 
amorphous structure (which they had hoped for), but a Penrose-type structure. Taking 
a cue from this. Nelson and Sachdev tried a similar iteration, but starting with a regular 





. Figure 9. (a) Iterative procedure for splitting a tetrahedron into more tetrahedra. Basically 
it involves introducing new vertices on each face as shown in (b). In all, 20 small tetrahedra are 
generated for each large one [see (c)]. 



Quasi crystals—an overview 


189 


icosahedron as the seed. Operationally, their iteration is equivalent to dividing every 
tetrahedron into smaller tetrahedra as shown in figure 9. This automatically generates 
the desired icosahedral symmetry. In the process, atoms with Z = 14 and 16 also 
appear. 

Structures with coordination numbers Z = 12,14,16 were first considered by Frank 
and Kasper (1958,1959) in the context of complex alloys. They noted that atoms with 
Z ^ 12 (i.e. with anomalous coordination) form endless chains, now known as 
Frank-Kasper chains. The Nelson-Sachdev structure has such chains. We return to this 
point again later. 

Nelson and Sachdev have confirmed the emergence of icosahedral order in their 
model structure by computing the diffraction pattern. While the five-fold symmetry 
and self similarity are no doubt reproduced, some features not found in experiment 
were also noted. It would seem that their model structure has some ‘collineations” of 
regularly-spaced particles along the symmetry axes which are absent in real-life 
structures. 

3.6 Incommensurate structures 

Quasi crystals are not the only condensed matter systems exhibiting the presence of two 
or more waves incommensurate with each other. Even before their discovery, structures 
referred to as modulated crystals were known in which also incommensurate waves 
were present. 

The notion of a modulated crystal may be understood by referring to figure 10a, 
where a perfect lattice with spacing a is illustrated. In figure 10b is shown a system 
where the B atom positions are displaced by a static wave of wavelength X. The resulting 
structure is a modulated crystal. If ( X/a) is rational, then the modulated crystal is a 
commensurate structure with period several times a. If on the other hand (X/a) is 
irrational, one has an incommensurate structure, and the structure never repeats no 
matter how far one goes down the chain. The atomic positions can be represented as 

Xg(n) = ^na + g{na), 

where g (x) is a periodic function of period A, describing the modulation. If (A/a) is 
irrational, the chain forms a quasi periodic sequence. 

One can visualise incommensurate structures in 2D and 3D also. Real-life examples 
include the helical structures in magnetic materials like Tm, displacive modulations in 
ionic crystals like Na 2 C 03 , charge-density waves in layered compounds like TaSe 2 etc. 

Levine et al (1985) make a distinction between quasi periodicity occurring in 
modulated crystals and that occurring in crystals with five-fold symmetry etc. The 
reason for making such a distinction can be understood as follows; Consider a 2D 
system with five-fold symmetry. The incommensuration present is unique and directly 
related to the rotational symmetry. On the other hand, one can visualize a structure as 
in figure 10c, where there is nothing unique about the two waves which are 
incommensurate. There is no constraint on the rotational symmetry, and in fact it is one 
allowed crystallographically. Levine et al therefore use the term quasi crystal whenever 
the rotational symmetry is one disallowed by crystal symmetry. Otherwise, quasi 
periodic structures are referred to as incommensurate crystals (as they were even 
earlier). 
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Figure 10. (a) shows a periodic, diatomic chain. In (b), the B atoms are given longitudinal 
displacements according to a sinusoidal law. The crosses denote the positions occupied before 
modulation. The resulting chain is a ID example of an incommensurate crystal. A 2D version is 
shown in (c). 


Recall that space groups were constructed by forming semi direct products of 
rotation groups with (periodic) translational groups. Perhaps incommensurate and 
quasi crystals can be built up in a somewhat similar manner (by combining rotations 
with “quasi translations”?). It remains to be seen whether there are formal entities like 
quasi space groups. 

It is also appropriate here to call attention to an interesting suggestion by Ruelle 
(1982,1983) who feels that quasi periodic structures could possibly become turbulent 
when confronted with additional, incommensurate modulations. 


4. Density wave approach 

In the preceding section we described various attempts at visualizing directly a quasi 
crystalline structure. There is, however, no guarantee that Nature would actually 
choose such a structure. To study Nature’s preferences, one must necessarily consider 
energetics. 

Landau’s theory of phase transitions provides one route, and in the process also 
shifts the focus from direct to reciprocal space. 
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4.1 Pre-Discovery work 

In Landau’s theory, the density is expressed as 

p{r) = 'Zp{^)e\pik-T ( 6 ) 

k 

and it is argued that out of the set of all possible wave vectors {k} present in a liquid, a 
subset {G} of plane waves take over to form a crystal. Given this view point about 
symmetry breaking, the transition itself is analyzed via the free-energy expansion 

^ = '''o + ^Ia(G)p(G)p*(G) + G) Y p(Gi)p(G2)p(G3)x^(Gi+G2 + G3) 

G G1G2G3 

+ “ E P(Gi)p(G2)p(G3)p(G*)x<5(Gi+G3 + G3 + G4). (7) 

GiG2G3G4 

where the various terms have their usual meanings. Density waves with k not in the 
subset {G} are lumped into Fq, along with other, non pertinent contributions. The 
discrete set {G} generates the reciprocal lattice. 

Most of the density wave theories follow the above approach, with the subset(s) of 
{k} suitably chosen as to produce a quasi crystal instead of a regular crystal. In ID, one 
would choose, for example, 

p{x) = p(q) cos qx-hp(Q) cos Qx, (8) 

with {Q/q) = T (recall figure 5). The quasiperiodic structure is thus basically the result 
of “competing cosines”. Of course one obtains an improved representation for p (x) by 
adding the harmonics and combination frequencies. 

The same idea can be extended to higher dimensions. In fact, much before Shechtman 
et al, Alexander and McTague (1978) in their studies on bcc structures noted that if the 
star {q} is such that its members are parallel to the edges of an icosahedron, then 
icosahedral symmetry could be favoured. But they did not seriously pursue the idea 
since “the regular icosahedron with its five-fold axis cannot form a periodic structure”. 
However, in the post-discovery era, these ideas have been resurrected. 

4.2 Bak*s view point 

Bak (1985) takes off where Alexander and McTague leave. His Landau expansion 
includes a fifth-order term 

~ const X PiPjPkPtPmS{^l + qJ+^k + ^l + ^m) (9) 

where we have written pi for p (q;) etc. The reason for including such a term may be 
appreciated by considering figure 11. For a 2D structure with five-fold symmetry, the 
candidate star is obviously that in figure 11a. However, the participating wavevectors 
cannot form an equilateral triangle. The third-order term therefore does not contribute 
and stability becomes a problem; but with a fifth-order term, the structure is stabilized. 

In 3D, Bak favours the star in figure 11b (which is the one earlier considered by 
Alexander and McTague). The third-order term can now contribute, and the fifth-order 
one acts as a bonus, stabilizing the icosahedral phase against competing crystalline 
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Figure 11. (a) shows the wave vector combination favoured by Bak for producing a 2D 
Penrose structure while (b) illustrates that needed for generating a 3D icosahedral structure. 
The latter was earlier considered by Alexander and McTague. In (c), the wave vector 
combination is redrawn in a star configuration. The diffraction pattern generated by this star is 
shown in (d). 


ones. Bak feels that since a single |q | is involved, the structure should not be regarded as 
a fundamentally new state of matter but rather as just an incommensurate structure. 

4.3 Mermin and Troian model 

Mermin and Troian (1985) also appeal to the Landau theory but prefer to keep more 
than one length scale instead of having a fifth-order term. They thus provide room for 
several clusters {q}, {Q},... However, these clusters are all not unrelated, and the 
ratios (Q/q) ... play a delicate role. 

Assuming there are only two length scales, and taking into account their inter¬ 
relationship, the Landau expansion reads (after rescaling suitably to absorb some of the 
coefficients), 

= + + Z PiPsPmPnSiqi + qj 

i ijm ijmn 

"i” Qm "1" Oil) PmPnPmPn • 

Here t ~ (7—FJ as usual, and t is a positive constant. The sum in the last term is over 
all m and n with lqmH-q»| = 1Q|. 

With an expansion as above, the icosahedral structure is found favoured in certain 
range of values for the parameter t. For (Q/q) Mermin and Troian suggest the value 
{2[1 —(1/^5)]}^^^ = 1.0515, the ratio of the nearest neighbour distance in the 
icosahedron to the distance of the centre from a vertex. 
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No doubt Mermin and Troian succeed in producing a stable, free-energy minimum 
for the quasi crystal, but it is not clear how with the third-order term not contributing, 
the transition is of first order. Indeed, one may wonder whether a Landau-type theory is 
at all meaningful for discussing a kinetic transition which is what the liquid -► quasi 
crystal transition appears to be. The Landau theory is however adequate to identify the 
stationary states of the free energy. 

4.4 Role of diffraction studies 

The number of independent wavelength scales prevailing in the icosahedral structure is 
not yet a settled issue. One way this question can be resolved is via diffraction. 

Consider the Penrose chain, and let a, b denote the lengths of steps A snd B, Define 
now two reciprocals by a* = (2nld) and b* = (2n/b). The Fourier transform of p (x) 
[see (1)] is given by 

( 11 ) 

where 

k = ma* + m'b*, m, m' being integers. (12) 

The above result is to be compared with 

P(^) = ^(<?)<5(^-G), G = 27cm/(a-hfc) (13) 

for the ABABAB . .. (antiferromagnetic) chain. We note that in (12), any integer 
combination of a* and b* is allowed. As a result, one can come arbitrarily close to any 
specified point in ^-space. Thus, in principle, the diffraction pattern is a continuous 
string of 5-functions densely filling reciprocal space. However if one confines attention 
to “lower-order reflections”, then they lead to a set of spots which form a Penrose-type 
sequence. Note that since the diffracted intensity is proportional to \p{q)\^, the 
diffraction pattern has inversion symmetry although the direct space structure lacks it. 
Parenthetically we also remark that observed diffraction patterns (e.g. in figure 1) show 
sharp spots presumably because only lower-order reflections have been captured. 

Diffraction patterns in 2D can similarly be built up using the star in figure 1 Ic, and 
spots of various orders generated in this fashion are shown in figure 1 Id. As noted by 
Mackay, Bak and several others, these spots can be indexed by five Miller indices (one 
of which is redundant as in the case when one uses four indices for hexagonal lattices). 
Observe that on account of the angle of 72® between adjacent vectors in the star, the 
golden mean automatically enters in the description of spots like C. 

Thanks to the five-index labelling scheme, one can formally construct a lattice of 
points in a five-dimensional space such that these points are also indexed the same way. 
A cprrespondence is thus established between the observed diffraction spots in 2D 
(which, observe, lack periodicity) with a lattice of points in a higher dimensional space. 
Taking note of the redundancy, one could restrict the dimensionality of the 
reciprocal lattice space to four (Levine et al 1985). 

Similar ideas apply to 3D icosahedral order. According to all views, the basic star 
involves an icosahedron. Depending on whether the star corresponds to vectors 
radiating to the vertices or to the face centres or are parallel to the edges, one has 
respectively the vertex model, the face model and the edge model. However, whatever be 
the model, a minimum of six Miller indices are required implying that = 6. 
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In general, Ng^ depends on the minimal set {q} from which the reciprocal lattice can be 
constructed. In periodic crystals Ng = d the dimensionality of the crystal. For quasi 
crystals, Ng = nid where is the number of relatively incommensurate lengths 
(Irvine et al 1985). In 2D Penrose structures, although the star itself has only one length 
scale, there is a combination (see figure 1 Id) whose length is incommensurate with q. 
Therefore n,- = 2. Such irrational multiples are forbidden in periodic structures, whence 
rif = 1. Using this reasoning, we see that for Penrose tiles, = 2 x 2 = 4 as already 
noted while for icosahedral crystals, = 2 x 3 = 6. 

Intensity is one important means of distinguishing between various models. In some 
:ases, the geometry of the diffraction spots can itself provide a clue. Figure 12 shows the 
pattern of spots expected in a plane perpendicul^ to the two-fold axis in various 
cosahedral models (Nelson and Sachdev 1985). While all these models respect the basic 
symmetry, there are nevertheless variations in the diffraction patterns. Nelson and 
Sachdev indicate that comparison with experiment shows that the vertex model 
provides the best fit. See also Chattopadhyay et al (1985b). 


k5 Density functional approach 

t is known (Baym etal 1911) that the Landau theory is inadequate when the transition 
s strongly first order, as it is in the case of Al-Mn icosahedral system. An alternate 
pproach is via the density functional method used by Ramakrishnan and Yussouff 
1979, abbreviated ry) in their studies on crystallization. 

RY start by noting that in a classical system, the density p (r) of the system relative 
0 the fluid density po is given by 


P W/Po = exp [ - fiv (r)], i? = 1 //Cg r (14) 

'here i;(r) is the total potential at r (as in the Weiss molecular field theory of 
lagnetism). The potential v is the sum of a (possible) external potential (r) and a 
antribution due to internal density fluctuations. To first order, 

P (t)/pQ = exp [ - (r) + [c (r - r') (p (r-) - po) dr'] (15) 
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Figure 12. Diffraction patterns predicted for the icosahedral structure normal to the two¬ 
fold symmetry axis. The patterns are for three different models discussed in the text. Four 
generation of spots are shown; larger spots correspond to “low-order reflections” (after Nelson 
and Sachdev 1985). 
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where c(r) is the fluid direct correlation function, and is related to the structure 
factor S (q) by 

S(^) = l/[l-c(^)] (16) 

where c (q) is the Fourier transform of c (r). 

The free energy is a functional of the density distribution given by 



drp(r)[ln(p(r)/po)- 



xc(ri -r2)(p(ri)-Po) (p(r2)-Po)- 


(17) 


Here the first term comes from the entropy associated with dividing up the particles 
into various cells while the second term is the first non-zero quantity in an expansion in 
terms of density fluctuations. 

One now minimizes the free energy keeping in mind (15). The problem is where to 
hunt for the minimum in ^-space. Here ry give a valuable hint. They observe that if one 
expands p (r) in terms of density waves as 


P(«‘) = Po[l + L/^(G)®xp»G-r] (18) 

G 

where the vectors G belong to the reciprocal lattice of some Bravais lattice, then one 
could confine one’s search to the region where | G | = ^^9 the wave vector corresponding 
to the first maximum in the liquid diffraction pattern S {q ). In other words, that lattice 
will be favoured, for which the smallest G is such that |G| = q^. The genes of the 
crystalline state are thus already encoded in the parent state. 

Sachdev and Nelson (1985) follow ry and try a similar approach vis-a-vis the quasi 
crystalline state. There are, however, practical problems since the latter lacks unit cells. 
Sachdev and Nelson get over this difl&culty by exploiting the fact that the quasi crystal 
may be regarded as the projection of a hyper cubic lattice in six dimensions (—recall 
§ 3.5). All the manipulations of ry are thus carried out in 6-dimensional space! The 
input structure factors are those for relaxed dense-random-packed structures 
(Ichikawa 1983) and for amorphous cobalt (Leung and Wright 1974). 

Among the principal findings are: (i) Undercooled liquids are metastable with respect 
to the icosahedral crystal; (ii) Tendency for formation of the icosahedral structure is 
significant when the liquid structure factor S (^) is high at the wavevector correspond¬ 
ing to that for the icosahedral structure; (iii) Conventional bcc and fee have even lower 
free energies; (iv) There is a rapid fall off of intensities in reciprocal space at small 
wavevectors; (v) Vis-a-vis the sites of a geometrically generated Penrose structure (see 
§ 3), one can assign mean occupation numbers to the sites. It turns out that this number 
varies considerably across the structure. When it is > 1, it is speculated that the sites are 
occasionally filled with split interstitials. On the other hand, clusters of sites with small 
occupation probability correspond to atoms which hop among various vacancy sites. 

The above analysis is no doubt for a monatomic system whereas the (only) known 
example of a quasi crystal is a binary. Sachdev and Nelson however indicate how their 
analysis can be extended to multicomponent systems. 
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S. Hydrodynamic modes 

The long-wavelength behaviour of a quasi crystal has the interesting feature of extra 
hydrodynamical modes. Extra modes always arise whenever a continuous symmetry is 
broken (e.g. in superfluidity); only in this case, they are related to the specific way in 
which translational symmetry is broken. 

To understand the origin of the extra modes, consider first an incommensurate 
crystal. As already noted, the atomic positions are dictated by two waves. The phase 
difference between these can be anything, and in fact the Hamiltonian is insensitive to 
changes in the relative phase. However, a given incommensurate crystal will have a 
particular value for the phase; the continuous phase symmetry of the Hamiltonian is 
thus broken. The low-lying excited states will involve not only positional fluctuations, 
but also fluctuations of the relative phase from its equilibrium value. Thus, apart from 
the usual acoustic mode, there exists also a phason mode whose frequency m -► 0 as the 
wavevector fc -► 0 (-see, for example, Axe and Bak 1982). 

Bak (1985) and Levine et al (1985) have noted that such modes occur in quasi crystals 
also. Consider a 2D example. As already remarked, there are effectively four degrees of 
freedom. If two of these are mapped onto the conventional displacement degrees of 
freedom, we still have two extra. Excitations associated with these would be the 
analogue of the phason modes. As is to be expected, hydrodynamical modes arise when, 
due to thermal energy, the condition = 0 on the pentragrid is instantaneously 
violated. Frozen defects are also described by the deviation of ZjVj from zero. In 
particular, defects like dislocations occur when this deviation equals the Burger’s vector 
(Levine et al 1985). 

By similar arguments, one expects 6 hydrodynamical modes in an icosahedral 
medium. 


6. Relationship to gauge theories for glass 

Recently, there has been much speculation regarding a possible gauge theory for glass 
(—^for a review and pertinent references, see Venkataraman and Sahoo 1985a). It is 
reasonable to wonder whether quasi crystal&fit into such theories. A clear cut answer is 
not available as yet but some speculations are possible. 

Gauge theories for glass center around the fact that amorphous materials contain 
line defects of topological origin. Such defects, referred to as disclinations, were 
originally considered by Frank and Kasper (1958,1959) in the context of complex alloy 
structures. They surmised that such structures are normally built with atoms having 
icosahedral coordination i.e. Z = 12, but since space filling with Z = 12 atoms alone is 
not possible, atoms with Z = 14,15,16 are also required. Such atoms with anomalous 
coordination numbers form endless chains known as Frank-Kasper (fk) chains. 
Analysis in the context of amorphous structures has revealed that such chains are in fact 
topological defects, and have been labelled disclinations. It is further believed that fk 
chains actually occur in sphere-packed amorphous structures (e.g. metallic glass). The 
only difference between a crystal and an amorphous structure is in the disposition of the 
FK chains. While they are ordered in a crystal, they are a tangled mess in an amorphous 
structure. 

In contemplating a gauge theory for quasi crystals, the crucial question is whether 



Quasi crystals—an overview 


197 


there are Frank-Kasper lines in them. As yet there is no firm evidence for topological 
defects of this nature in the model structures but this is mainly due to lack of sufficient 
studies. Efforts are in progress in our Centre (G Athithan, private communication) to 
construct a model a la Kramer and Neri and to examine it for disclinations. If they are 
present, the gauge theory of Nelson and Widom (1984) for glass could conceivably be 
extended. Meanwhile we note that Frank-Kasper lines do occur in the model of Nelson 
and Sachdev (see §3.5). 

One should not be too surprised if one is able to give a unified description of 
amorphous, quasi crystalline and crystalline structures. Let us remember that Bernal 
(1964) noted the existence of five-fold symmetry even in liquids, though only on a local 
scale. In the quasi crystal, one has this symmetry in the large also. In the crystal, 
translational symmetry prevents a manifestation of five-fold symmetry in the large but 
local icosahedral clustering is still to be found (at least in the complex alloy structures). 
The connecting concept is the Frank-Kasper chain. These chains are present in all the 
three phases mentioned above; only their geometric disposition seems to be such that 
global five-fold symmetry is suppressed in two of the three phases. If topological defects 
are the key thing, then gauge theory is an attractive possibility for dealing with their 
various possible arrangements. 


7. Concluding remarks 

Quasi crystals represent a new phase of condensed matter, the distinctive feature of 
which is the replacement of periodicity by quasiperiodicity on the one hand, and the 
presence of long-range orientational order on the other. Phases with orientational 
order have been proposed in the past e,g. the hexatic phase in 2D (Nelson and Halperin 
1979; for a review see Venkataraman and Sahoo 1985b), but the Al-Mn quasi crystal 
represents the first, real-life example with non crystallographic rotational symmetry. 

As of now, not much is known about quasi crystals. For example, we do not know 
which elements favour quasi crystal formability (—one would not be surprised if boron 
features prominently in the list)*. Full details of the structure of even Al-14% Mn are 
still elusive. And about defects we know even less. Then there are the elementary 
excitations, band structure and so on. Last, but not the least, there is the question of the 
relationship of the quasicrystalline phase to the crystalline one as well as the glassy 
phase. 

In a nutshell, the questions confronting us are numerous. A lively future for the 
subject is therefore guaranteed! 
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Post-script 

After this manuscript was completed, I became aware of the following papers: 

1. Two bell Lab preprints by V Elser who discusses a simple means of visualizing quasi 
crystalline structures as projections of higher-dimensional periodic structures, and also 
the diffraction pattern of such structures, 

2. A paper by Duneau and Katz (1985 Phys, Rev, Lett. 54 2688) who generalize de 
Bruijn’s work to produce quasi periodic tiling in arbitrary dimension, and 

3. A letter by Zia and Dallas (1985 J. Phys. A18 L341) who not only describe an elegant 
means of obtaining the Fourier transform of quasi periodic structures, but also call 
attention to several useful mathematical references, besides speculating on novel 
applications like coding! 
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Insertion/extraction of lithium and sodium in transition metal 
oxides and chalcogenides* 

J GOPALAKRISHNAN 

Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, 
India. 

Abstract. Lithium and sodium can be reversibly inserted into a variety of transition metal 
oxide and chalcogenide hosts at low temperatures. The reaction is essentially topochemical 
involving electron-transfer and accompanying diffusionless transformation of the anion array 
in many cases. Alkali metal insertion/extraction reactions provide new routes for the synthesis 
of novel solids exhibiting unusual structure and properties. It appears that while the structure 
of the insertion compound is determined by the host structure and the size of the alkali metal 
ion, the extent of insertion/extraction is decided by the redox characteristics and electronic 
conductivity of the host. 

Keywords. Insertion/extraction reactions; intercalation of lithium and sodium; transition 
metal oxides and chalcogenides. 


1. Introduction 

An area of considerable current interest in solid state chemistry concerns reversible 
insertion of mobile atomic or molecular guest species into crystalline host solids 
(Whittingham and Jacobson 1982). A wide variety of solids possessing chain, layered or 
three dimensional (framework) structures has been investigated in insertion reactions 
(Schollhom 1984). Among a large number of guest species that has been investigated, 
insertion/extraction of lithium and, to a lesser extent, sodium has acquired importance 
in recent years, because they offer attractive solid-solution systems that could be of use 
as positive electrode materials in high energy-density solid state batteries or elec- 
trochromic displays (Murphy and Christian 1979; Whittingham 1978). A particularly 
attractive aspect of such reactions both from the scientific and the technical viewpoint is 
that insertion/extraction of alkali metal atoms, which is accompanied by electron/ion 
transfer, occurs reversibly around ambient temperatures with minimal structural 
reorganisation of the host (topochemical reaction). Besides their possible use in solid 
state batteries, investigation of insertion/extraction reactions of lithium and sodium 
has opened up new vistas of solid state chemistry hitherto unexplored. Thus alkali metal 
insertion/extraction in metal oxides and chalcogenides at ambient temperatures has 
provided ‘soft’ routes for the synthesis of new materials which cannot possibly be 
synthesized otherwise. The reaction has revealed the occurrence of novel topotactic 
transformations of the host structure with amazing ease and rapidity. The reaction can 
also result in remarkable changes in the electronic properties of the host material. In 
this paper an attempt is made to present an overview of lithium and sodium 
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intercalation in transition metal oxides and chalcogenides, bringing out their import¬ 
ance in preparative and structural solid state chemistry. 


2. Alkali metal insertion/extraction in metal oxides 

Although reversible topotactic insertion of Uthium was demonstrated first in TiS 2 
(Whittingham 1976) while attempting to develop suitable electrode materials for 
nonaqueous batteries, attention soon shifted to oxide host materials because oxides 
possess more rigid frameworks and can offer higher cell voltages than sulphides. In 
order for a insertion reaction 

xA + MX,^A^MX, 

to be useful as a battery cathode system offering a high cell voltage, the free energy 
change of the reaction should be a large negative value. Large negative free energy 
changes are expected when A is a small electropositive atom, Af is in its highest formal 
oxidation state and Y is small and electronegative. Thus, to obtain a high cell voltage in 
a solid state battery, lithium is preferable to sodium and metal oxides are preferable to 
metal sulphides as host materials. 

Among a large number of metal oxides with layered or three dimensional structures 
wherein lithium and sodium intercalation has been investigated, we restrict our 
attention to the ReOa and related crystallographic shear phases, rutile-related oxides 
and layered oxides derived from the rocksalt structure. 

ReOs possesses the same octahedral framework as the cubic perovskite, the 
cuboTCtahedral site being vacant (figure 1 ). WO 3 adopts a distorted ReOs framework. 
On lithium intercalation, the monoclinic structure of WO 3 is rendered more 
symmetric, becoming tetragonal and then cubic at the limiting composition Li 2/3 WO 3 . 
A neutron diffraction study revealed that Lio, 36 W 03 adopts a superstructure of 
ReOs (a = 7-446 A) wherein lithium occupies distorted perovskite type cavities with a 
four-fold rectangular oxygen coordination (Wiseman and Dickens 1976). The recently 
discovered hexagonal form of WO 3 (figure 1 ) possessing large empty channels readily 
intercalates Uthium and other alkali metals (Cheng et al 1981). Electrochemical 
intercalation gave the upper phase Umits of Lii. 6 W 03 , Na 2 / 3 W 03 and Kiy 6 W 03 
(Schla^he and Schollhom 1982). It is suspected that Uthium in hexagonal Lii. 6 W 03 
occupies multiple sites in the hexagonal as weU as the smaUer triangular channels. Cubic 
Re 03 incorporates Uthium readUy yielding three phases: Li^ReOa, 0<x<0-35 
(cubic), X = 1-0 and 1-8 < x < 2-0 (hexagonal) (Murphy et al 1981). Lithium insertion 
in Re 03 is accompanied by an interesting structural transformation from the Re 03 to 
the LiNb 03 structure. A neutron diffraction study of LiRe 03 and Li 2 Re 03 (Cava et al 
1982) has revealed that both the phases ayrstallize in a hexagonal LiNb 03 -type 
structure wherein Uthium is octahedrally coordinated. The structural transformation 
a^mpanying Uthium insertion renders the material unsuitable for cathodes because it 
gives rise to a large activation energy and consequent decrease in the reaction rate. 

Attempts have been made to retain the advantages of the Re 03 structure and avoid 
structural transformation during Uthium insertion by working with crystallographic 
shear (cs) phases as hosts. A number of oxides derived from the Re 03 structure through 
cs is known (Anderson 1972). One of the simplest oxides possessing Re 03 -related cs 
structure is V 6 O 13 . Its structure (figure 2) can be thought of as resulting from a (3,2) 
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Figure 1 . Structures of (a) ReOj (b) hexagonal WO 3 (c) M 0 O 3 and (d) rutile. 


shear of the cubic ReOa structure. V 2 O 5 and VO 2 (B) can also be regarded as derived 
from Re 03 (figure 2). All the three oxides of vanadium incorporate lithium readily at 
room temperature, but none take up sodium (Murphy and Christian 1979). Lithium 
insertion results in uniaxial expansion of the perovskite-like cavity. The extent of 
lithium incorporation seems to be determined primarily by the strength of bonding in 
the direction of expansion. Among the three oxides of vanadium, V^Ois taking up as 
many as eight lithium atoms per formula unit (four at room temperature and six at 
320 K) has been found to be good cathode material for battery application (Murphy et 
al 1979). The insertion is entirely reversible since the parent oxide can be recovered by 
oxidative delithiation using 2,3-dichloro-4,5-dicyanobenzoquinone (ddq). The metal- 
insulator transition at 147 K in V 6 O 13 is destroyed by insertion of a few atom percent 
of lithium. The structure of Li 8 V 60 i 3 has not been determined. FeVaOg which 
possesses the V 02 (B) structure takes up to two lithium atoms. A neutron diffraction 
study of Li 2 FeV 308 (Cava et al 1981) has shown that lithium ions occupy two of the 
four square pyramidal sites available within the tetracapped cubooctahedral cavity in 
the host structure. In Li 8 V 60 i 3 , lithium ions may be located at similar sites. 

The investigations with vanadium oxides have shown that cs structures unlike Re 03 
are quite stable towards lithium insertion but contain fewer sites for lithium as 
compared to the Re 03 structure. Cava and coworkers (1983a,b) have recently 
investigated block structures of the Wadsley-Roth type where large chunks of ReOs 
structure are present. An example of such a block structure phase is V 2 . 5 W 0 . 5 O 7 which 
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Figure 2. Structures of vanadium oxides derived from the ReOa structure through 
crystallographic shear (after Greenblatt et al 1982). 
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Figure 3. [001] projection of the idealised 3 x 3 x 00 block 
structure. Shaded octahedra are at level ic from the level of 
unshaded octahedra (after Cava et al 1983a). 
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adopts a 3 X 3 X 00 structure (figure 3). The structure consists of ReOa-like blocks o 
3x3 octahedral dimension extending infinitely in one direction; the blocks are sharec 
with adjacent ones through edges. Among the several block structure phase: 
investigated, compounds of the M 3 O 7 stoichiometry such as V 2 . 5 W 0 . 5 O 7 , V^.sWo-fO: 
and V 2 . 5 M 00 . 3 W 0 . 2 O 7 display a good combination of structural stability and ar 
adequate number of interstitial sites for lithium insertion. 

Unlike ReOa and WO 3 , M 0 O 3 has a layered structure (figure 1) formed by edge and 
corner sharing of MoOe octahedra. The layers are separated by a van der Waals gap 
Accordingly, M 0 O 3 intercalates a wide variety of atoms and molecules including 
lithium (Schollhorn 1982; Dickens and Reynolds 1982). Chemical and electrochemica] 
insertion of lithium in M 0 O 3 proceeds topotactically yielding a single phase Lij^MoOs 
for 0*2 < X < 0*5. M 018 O 52 which has a shear structure closely related to M 0 O 3 
exhibits a similar reactivity. Lower valence molybdenum oxides M 04 O 11 , M 08 O 23 and 
M 09 O 26 which possess shear structures related to ReOs (Kihlborg 1963) can also take 
up lithium reversibly (Besenhard and Schollhorn 1976). 

Lithium insertion in transition metal dioxides possessing rutile related structures has 
been investigated by Murphy et al (1978). The rutile structure (figure 1) which consists 
of infinite chains of edge-shared MO^ octahedra which are cross-linked through 
comers provides vacant channels along [001] of the tetragonal cell. The channels 
contain both octahedral and tetrahedral sites where lithium can be incorporated. 
Among the several rutile-type oxides investigated, considerable lithium insertion 
occurs only with the dioxides of Cr, Mn, Mo^ W, Ru, Os and Ir. The results seem to 
indicate the importance of both the unit cell volume and the electronic conductivity of 
the host material in determining the extent of lithium insertion. Metallic conductivity in 
the host facilitates lithium insertion by screening the coulomb repulsion between Li"*" 
ions. A plot of room temperature resistivity versus unit cell volume reveals that both 
low resistivity and a large cell volume (>60A^) favour topochemical insertion of 
lithium. More importantly, lithium insertion in metallic conducting M 0 O 2 , RUO 2 and 
Ir 02 is accompanied by a structural transformation from the rutile to an ordered NiAs 
structure, as revealed by power neutron diffraction study of LiMo 02 , Lio. 9 Ru 02 and 
Lio. 9 lr 02 (Cox et al 1982; Davidson and Greedan 1984). Compared to the host 
structure, the insertion compounds are greatly expanded along [ 100 ] and [ 010 ] and 
contracted along [001]. The unit cell of Lio. 9 Ru 02 is orthorhomibc (aq = 5-062, 
60 = 4-967 and Cq = 2-771 A) and is related to the hexagonal cell of NiAs as follows: 

~ Co ^ — flo- The structures of both LiMo 02 and Lio. 9 Ru 02 can be 

regarded as a new type of NiAs superstructure in which cations are ordered at the 
octahedral sites in the basal planes. Lithiation of )S-Mn 02 with n-butyl lithium to give 
Li 2 -jcMn 204 . results in a rutile-spinel transformation (Goodenough et al 1984). A 
mechanism which involves^ a cooperative redistribution of caticms'Toitowedr by a 
diffusionless readjustment of the anion array been suggested for the rutile-spinel 
transformation (figure 4). 

Lithium insertion/extraction has been investigated in several oxides of the orderd 
rocksalt structure type containing cubic close packed anion array. Oxides of the 
formula LiAf 02 (M = V, Cr, Co, Ni) crystallize in a layered (a-NaFe 02 ) (O 3) structure 
(figure 5) in which Li and M atoms occupy octahedral sites in alternate (111) cation 
planes in the cubic close packed anion array, Mizushima et al (1980) have shown 
that lithium can be extracted electrochemically from LiCo 02 yielding LijcCo 02 
(0 < X < 1) wherein the layer structure is retained. We have shown that lithium can be 
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Figure 4. Mechanism for the rutile-spinel transformation. Cation occupied octahedra are 
shown. In (a) rutile structure, solid arrows indicate cation displacements and dotted arrows, 
the direction of shear required for the transformation to the spinel structure (b) (after 
Goodenough et al 1984). 
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Figure 5. Packing of Af octahedra in ^4,M02 oxides. 03 structure corresponds to the 
ordered rocksalt structure of a-NaFeOj (after Delmas et al 1982b). 


extractal chemically af room tempmtureffomlhe isostructural LiVO^ using Bti in 
CHCI 3 as the oxidative delithiaifing agent (Vidyasagar and Gopalakrishnan 1982). 
Li^VOj retain the cubic close packed anion array, but not the layer^ structure, upto x 
~0-2 Nearly complete removal of lithium destroys the lattice yielding x-ray 
Morphous VO 2 which transforms to monoclinic VO 2 at high temperatures. Further 
investigation of Liji;V02 system (de Picciotto et al 1984) has revealed the existence of 
two phases in the system: phase I for 07 < x < 10 which retains the parent structure of 
LiV02 and phase II for 01 < x < 03 which adopts a near-cubic structure wherein 
approximately one-third of vanadium migrates to vacant lithium sites; part of 
vanadium is.suspected to be present as V*+ at the tetrahedral sites. 
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Lithium insertion/extraction reactions in various forms of Ti 02 have been 
investigated (Murphy et al 1983). While rutile and brookite take up only small 
quantities of lithium ( 1-2 atom %), anatase yields a maximum composition of 
Lio. 7 Ti 02 on reaction with n-butyl lithium. The composition Lio. 5 Ti 02 transforms 
irreversibly around 770 K to LiTi 204 spinel, thus affording a neat method for the 
synthesis of this superconducting oxide (Murphy et al 1982^ Lio. 5 V 02 undergoes a 
similar transformation yielding LiV 204 spinel (de Picciotto and Thackeray 1985). 
LiTi 204 can be inserted with additional lithium to give spinel-like Li 2 Ti 204 which 
transforms irreversibly to a disordered rocksalt structure at high temperatures. 
LiTi 204 spinel can be oxidatively delithiated using I 2 in CH 3 CN to yield a limiting 
composition Lio.iTi 02 which is similar to LijcV 02 possessing a defect rocksalt 
structure. Lithium can also be inserted into the metastable Ti 02 (B) giving Lio. 75 Ti 02 
(B); the structure of the latter is believed to be similar to that of Li 2 FeV 30 g in which 
lithium occupies square pyramidal sites (Cava et al 1981, 1984). 

a and j 8 -Li 2 Mo 03 crystallizing in ordered rocksalt structures (Dickens and Reynolds 
1982) can be oxidatively delithiated using Br 2 in CHCI 3 . Li 2 - JCM 0 O 3 phases retain the 
cubic close packed anion array until lithium removal is nearly complete (Vasudeva Bhat 
and Gopalakrishnan 1985a). Reversible insertion of lithium and sodium has been 
reported in Fe 2 (Mo 04)3 possessing a three dimensional (nasicon) framework 
structure (Nadiri et al 1984). It is not clear whether iron or molybdenum is reduced by 
alkali metal insertion in this compound. LiFeSn 04 polymorphs crystallizing in the 
ramsdellite structure intercalates one atom of lithium corresponding to reduction of 
Fe^"^ to Fe^'^ (Greenblatt et al 1985). 

Lithium insertion/extraction reactions in manganese oxides have been extensively 
investigated by Goodenough et al (1984). Lithiation of Mn 304 (hausmanite) to give 
LiMn 304 suppresses the cooperative Jahn-Teller distortion of the host and this is 
consistent with the formulation of the phase as (Li Mn^ ), (Mn^ Mn^ )o O 4 • On the 
other hand, lithiation of LiMn 204 spinel to give Li 2 Mn 204 distorts the structure to 
tetragonal symmetry indicating that manganese is trivalent in the latter. Further 
lithiation of Li 2 Mn 204 yields a new phase Li 2 -xMn 02 in which most of the 
manganese is reduced to Mn^"*". The new phase is trigonal adopting the Li 2 VSe 2 
structure consisting of hexagonal close packed anions; Mn^'^ ions occupy alternate 
octahedral-site basal planes and Li"^ ions the tetrahedral sites of the other basal planes 
(David et al 1983). 

An interesting case of topochemical delithiation is that of LiMn 204 which occurs on 
treatment with aqueous H 2 SO 4 (Hunter 1981). The product was considered to be a new 
form of manganese dioxide, A-Mn 02 , which retained the spinel framework of the 
parent. Delithiation of LiMn 204 to ^ve ;i-Mn 02 depends on two properties: (i) room 
temperature mobility j)f in the_Mn 204 spinel framework and (ii) surface 
-disproportionation of Mn^"^. The overall reaction could be __ _ 

2LiMn204 + 2 H 2 SO 4 Li2S04 -h MnS04 + 2 H 2 O 4- 3A-Mn02 

Subsequent work (Thackeray et al 1984; Mosbah et al 1983) has shown that Hunter’s 
> 1 -Mn 02 is indeed Lio.o 2 Mii 02 * Presence of residual lithium is revealed by neutron 
diffraction. Electrochemical delithiation of LiMn 204 proceeds easily upto 
Lio. 5 Mn 204 ; lithium ions in this phase are ordered to give a new superstructure. 

Lithium insertion in Fe 304 and a-Fe 203 has been investigated (Thackeray et al 
1982). The crystal structure of Lii. 5 Fe 304 shows that the Fe 204 subarray of the spinel 
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structure remains intact. Lithiation of a-Fe 203 results in a transformation of the anion 
array from the hexagonal to cubic close packing. A significant finding of these 
investigations of hthium insertion in manganese and iron oxides is that three- 
dimensional diflFusion of Li'*' occurs at room temperature in close packed oxide lattices; 
insertion/extraction of lithium is often accompanied by diffusionless transformations 
of the anion array between cubic close packing to hexagonal close packing (or 
tetragonal close packing, as in the rutile structure). 

Insertion/extraction of sodium in oxides has been studied less extensively. The 
smaller electronegativity and larger mass render sodium (and other alkah metals) less 
attractive for battery applications. Structurally, insertion/extraction of sodium and 
potassium in oxides and chalcogenides shows interesting features that are different 
from the case of lithium insertion (Hagenmuller 1983). Unlike lithium, sodium and 
potassium can occupy trigonal prismatic sites in AxMX 2 layered phases especially 
when X is small and M is in a high oxidation state. Insertion/extraction of sodium in 
close packed oxides results in subtle phase transitions by lateral gliding of oxide layers 
giving new metastable phases. Electrochemical extraction of sodium from NaMO 2 
(M = Ti, Cr, Co, Ni) has been investigated (Delmas et al 1982b; Maa 2 az et al 1983). AU 
these oxides crystallize in the a-NaFe02(03) structure (figures). Electrochemical 
insertion/extraction of sodium on Na,Co 02 leads to reversible structural transform¬ 
ations between 03 and P3 structures (figure 6). Of the four phases that are known in the 
Na,Co 02 system, P2 phase is never obtained by electrochemical extraction of sodium 
from NaCo02. A 03-P3 transformation would involve mere gliding of anion sheets, 
while a 03(P3)-P2 transformation would require the Co~0 bond breaking as well. 
03-P3 transformations in NaJAOz have been reported by Miyazaki et al (1982,1983). 
These workers have found that deintercalation of lithium and sodium from oxides is 
primarily determined by the oxidation potential of the M cation. Sodium can be 
extracted partially from NaM02(Af = Cr, Co, Ni), but lithium cannot be removed 
from LiCr02 and LiCo02 using chemical oxidants such as Br 2 and I 2 . Mendiboure et 
al (1985) have investigated electrochemical insertion and extraction of sodium in 
Naj,Mn02 phases. During intercalation, the P2 structure of Nao.7Mn02 is retained in 
the range 0*45 < x < 085, while a-NaMn02 shows two reversible structural transit¬ 
ions. The Jahn-Teller effect associated with Mn^'*' results in electron localization which 
in turn tends to trap Na'^ ions. 

An interesting aspect of complex oxides containing lithium and sodium is that they 
undergo facile ion-exchange in aqueous or molten salt media (England et al 1983). The 
exchange is topotactic and in some cases accompanied by novel structural transform¬ 
ations. Ion-exchange reactions offer another low temperature route for the synthesis of 
metastable phases (Gopalakrishnan 1984). Thus a-LiCr02 and a-LiFe02 with 03 
structure can be synthesized from their sodium analogues by ion-exchange in molten 
lithium nitrate. Similarly ion-exchange of ot-LiMOa (M = Cr, Fe, Co, Rh) with jnolten 
salts of Cu, Ag or Pd yields new phases with delafossite structure. Exchange of sodium 
in Nao.7Co02 (P2) with lithium chloride in methanol yields a new modification (02) of 
LiCo02 possessing the anion layer sequence ABCBA. The new modification is 
metastable and transforms to the stable 03 structure around 490 K (Delmas 1982a). 
The P2-02 transformation involves gliding of anion layers similar to the P3-03 
transformations of NaM02 (M = Co, Ni). 

LiNb 03 LiTa 03 undergo facile ion-exchange in hot aqueous acids to give 
HNbOs and HTaOs (Rice and Jackel 1982). The exchange is accompanied by a 
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measured in a cell using NaAf O 2 cathode, sodium anode and NaC 104 ^ propylene carbonate as electrolyte (after 
Delmas et al 1982b). 
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topotactic transformation of the rhombohedral LiNbOa structure to the cubic ReOa 
structure. Protons exist as OH groups in the protonated phases and hence they are 
indeed oxyhydroxides, Nb02(0H) and Ta02(0H) possessing the ReOa structure. The 
transformation involves a mechanism which is the reverse of that accompanying 
lithium insertion in the Nb 03 octahedral network is twisted by ^ 60° about the 
hexagonal c axis. During this, no bonds are broken; the rotation merely rearranges the 
HCP anion array of the LiNbOs structure to the 3/4 ccp array of the ReOa structure. 

Trirutile LiNbW06 and LiTaWOg undergo similar exchange in hot aqueous acids 
to give HNbWOg and HTaWOg (Vasudeva Bhat and Gopalakrishnan 1985b). The 
exchange is accompanied by a structural transformation from the rutile structure to the 
ReOs structure. A plausible mechanism (figure 7) would involve transformation of the 
tetragonal close packed anion array of the rutile structure to the hcp array followed by 
cation rearrangement to give a LiNbOj-like framework. The latter would then 
transform to the ReOs structure by a mechanism similar to the LiNbOa-HNbOa 
transformation. These findings reveal that not only facile exchange of lithium from 
close packed oxide lattices can be achieved at low temperatures but also that the 
exchange is often accompanied by subtle topotactic transformations of the anion 
subarray. Such facile, often reversible, rearrangements of the anion array would imply 
not only that the energy differences between different anion packings are much smaller 
than the cohesive energies but also that exchange or extraction/insertion of mobile 
cations provides the required energy and pathways for such transformations to 
occur. The energetics and mechanism of structural transitions accompanying 
insertion/extraction and exchange of alkali metals in transition metal oxides deserve 
further investigation. 


3. Alkali metal insertion/extraction in metal chalcogenides 

Insertion/extraction of alkali metals in a variety of transition metal chalcogenides 
possessing framework, layered and chain structures has been investigated extensively 
(Rouxel 1979; Whittingham 1978). Intercalation in layered dichalcogenides of trans¬ 
ition metals of group IVB (Ti, Zr, Hf), VB (V, Nb, Ta) and VIB (Cr, Mo, W) has 
attracted particular attention for several reasons. By insertion/extraction, it is possible 
to change the density of states of cation d-levels thus altering the electrical and magnetic 
properties of the host. Insertion/extraction results in structural transformations 
(polytypic and intrapolytypic) accompanied by change of coordination of alkali metals 
and ‘staging’. 

The primary motivation for extensive investigation of these materials is the mixed 
conduction behaviour of AxMX 2 phases which render them useful as electrode 
materials for solid state batteries, the prototype example of such a system being 
Li 3 cTiS 2 . The subject has been excellently reviewed in the literature (Whittingham 1978; 
Rouxel 1979; Subba Rao and Shafer 1979). We shall restrict ourselves to some of the 
recent developments in this area with particular emphasis on preparative and structural 
aspects. 

Extraction of alkali metals from ternary transition metal chalcogenides has enabled 
synthesis of new binary chalcogenides. Thus, VS^ and CrSe 2 which cannot be prepared 
by high temperature methods have been synthesized from AjcVS 2 and y4jgCrSe2 by 
chemical or electrochemical extraction of alkali metals (Murphy et al 1977a, b; van 
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Bruggen et al 1980). A new form of FeS 2 possessing the layered Cdl 2 structure has been 
synthesized by electrochemical extraction of lithium from Li 2 FeS 2 (Dugast et al 1981). 
The Chevrel phase cluster sulphide MOgSg can be easily prepared by extracting lithium 
from Li^MogSg by treatment with dilute HCl (Behlok et al 1982). It is significant that 
treatment with dilute add removes lithium from Li^MogSg. Ion exchange and 
oxidative extraction of alkali metals have enabled the synthesis of pseudo one¬ 
dimensional ternary molybdenum chalcogenides, / 42 -*Mo 6 X 6 (A = alkali metal; 
AT = Se, Te) (Tarascon et al 1984). A new orthorhombic form of WS 2 containing 
octahedrally coordinated tungsten has been synthesized by oxidative extraction of 
alkali metal from A,WS 2 {A = Na, K) (Schollhom et al 1984). Unlike hexagonal WS 2 , 
the new modification of WS 2 exhibits metallic behaviour. KFeS 2 and related sulphides 
possessing infinite c hains of edge-shared FeS 4 tetrahedra can be inserted with lithium 
(Jacobson et al 1979b). Lithium insertion in KFeS 2 is accompanied by a structural 
transformation and reduction of Fe^'*' to Fe^'*’. LiKFeS 2 adopts a tetragonal layered 
structure which is related to CuTe (Jacobson and McCandlish 1979). 

The trichalcogenides MATg possessing c hain structures intercalate lithium but the 
reaction is not entirely reversible unlike the dichalcogenides. In TiSj for example 
insertion of first two lithium atoms, which is irreversible, breaks the S-S bonds: 

2Li-t-TiS(S-S)—Li 2 TiS 3 

Insertion of the third lithium appears to be more like the case of TiS 2 . 

Li 2 TiS 3 xLi ^Li 2 +,TiS 3(0 < x < 1) 

Amorphous trichalcogenides of molybdenum and tungsten intercalate considerable 
quantities of hthium and sodium reversibly (Jacobson et al 1979a; Murugesan and 
Gopalakrishnan 1982). Recent investigations have shown marked differences between 
the insertion behaviour of amorphous and crystalline M 0 S 3 , WS3, V2SS, M 0 S 2 and 
TiS 2 , the amorphous materials exhibiting high discharge capacities when used as 
electrode material (Whittingham et al 1980). 


4. Concluding remarks 

We have presented an overview of insertion/extraction of lithium and sodium in 
transition metal oxide and chalcogenide hosts. Insertion/extraction which occurs at 
ambient temperatures is essentially a topochemical reaction, often accompanying 
diffusionless transformations of the anion array resulting in stabilization of new 
metastable phases. Insertion/extraction of alkali metals into transition metal com¬ 
pounds is a redox process involving electron transfer and is facilitated by good 
electronic conductivity of the host. It appears that while the structure of the insertion 
compound is largely determined by the host structure and the size of alkali metal ion, 
the extent of insertion/extraction is governed by the redox characteristics of the 
transition metal ion and the electronic conductivity of the host. Ternary oxides 
containing lithium undergo facile proton exchange in aqueous acids to yield new metal 
oxyhydroxides. 
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Abstract. A series of ternary equiatomic transition metal silicides MM'Si (M = Zr, Nb, Ta; 
M' = Ru, Re) and Zr 112^112 RuSi (M = Nb, Ta) have been synthesized and characterized. 
Guinier x-ray data clearly indicate that the compounds Af M'Si (M = Nb, Ta; M' = Ru, Re) 
crystallize with the orthorhombic TiFeSi-stnicture. This is contrary to one of the literature 
reports ascribing the hexagonal ZrRuSi structure to AfReSi, M - Nb,Ta. ZrRuSi and 
Zri/ 2 j'^i/ 2 RuSi (M = Nb,Ta), however, crystallize with the ZrRuSi structure. All the 
compounds are metallic and exhibit small and negative Seebeck coefficients. 
Superconductivity has been discovered in AfM'Si, M == Nb, Ta; M' = Ru, Re and the 
transition temperatures, as measured by the low frequency a.c. susceptibility technique, range 
from 11 to 5*1 K. Zri/ 2 Nbi/ 2 RuSi is not superconducting above 2*2 K. The observed 
properties are explained in terms of the electronic charge transfer effects and crystal structures 
adopted by these metal excess ternary silicides. 

Keywords. Metal excess systems; silicides; superconducting compounds; ternary systems. 


1. IntroductioD 

A large number of equiatomic ternary metal excess compounds of the type MM'X 
where M and M' represent transition metals and X is a non-metal^X-= Si, Ge, B, P, As 
or metal^Al,,Q a, In , Sn) are known (Rundqvist and Nawapong 1966; Jeitschko^968; 
Johnson and Jeitschko 1972; Dwight 1974; Barz et al 1980; Johnston and Braunl982,'' 
Meisner et al 1983; Muller et olT^STPatil et «/49.83). In addition, a large number of 
compounds with M = rare earth or Y are also known^i[Hove§tr^t et al 1982; Klepp 
and Parthd 1982; Chevalier et al 1982a,b; Mazzone et al 1983^Rosshet fln983; Braun 
1984; Kido et al 1984; Parth6 and Chabot 1984). These compounds basicaUy crystallize 
in any one of the following structure types: (i) Hexagonal (ZrNiAl or FcjP-type; space 
group P?2m; Z = 3), (ii) Orthorhombic (TiNiSi or C 02 P or anti-PbClj type; Ptmur, Z 
= 4), (iii) Orthorhombic (CeCu 2 -type; lmma\ Z = 4), (iv) Hexagonal (MgZn 2 -type; 
Pejmmc; Z = 4), (v) Hexagonal (Nijin-type; Pe^/nmci Z = 2), (vi) Tetragonal 
(PbFCl-type; P4fnmm; Z = 2). In addition, some phases exhibit an orthorhombic 
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(TiFeSi-type; space group Imal; Z = 12) structure which is a deformed ZrNiAl-type 
structure. The synthesis and crystallography of many of the 1:1:1 phases are reported 
in literature over the years. A survey of the structure types of the presently known 
equiatomic (1:1:1) ternary transition metal (or rare earth including Y and Sc) silicides 
and germanides are presented in tables 1 and 2 whereas those of the phosphides, 
arsenides and borides are given in table 3. 

Only a few of the known ternary 1:1:1 compounds have been examined for the 
exhibition of superconductivity so far in the literature and they belong to the following 
four structure types: (i) Phosphides and arsenides with the Fe 2 P (hexagonal ZrNiAl) 
and C 02 P (orthorhombic TiNiSi) structure, (ii) Silicides and germanides with the 
tetragonal LaPtSi and cubic LaIrSi structure. The available Tc data for the above two 
systems are listed in table 4. High temperature superconductivity with a 7; of 13 K has 
been discovered in ZrRuP with the Fe 2 P structure (table 4) (Barz et al 1980; Meisner 
and Ku 1981). Analogues of the ZrRuP (e.g., HfRuP; ZrRuAs with the Fe 2 P structure) 
also exhibit high On the other hand, another polymorph of ZrRuP and its 


Table 1. Survey of the structure types of the equiatomic ternary transition metal silicides and 
germanides (after Johnson and Jeitschko 1972, with some modification) 


Silicides 



Fe 

Co 

Ni 


Ti 

A 

□ 

0 


Zr 

a 

□ 

□ 


Hf 

C3 

0 

n 


V 


□ 

□ 


Nb 

□ 

□ 

□ 


Ta 

□ 

□ 

CZ] 


Mo 

A 

A 

A 


W 

A 

A 

A 


Mn 


□ 

□ 



Ru 

Rh 

Pd 

Re 

TI 

A 

□ 


n 

tT 

A 


□ 

IB 

W 




Bi 

V 





Nb 

A# 

■ ■ 


A* 

Ta 

A# 



A* 


A ZrNIAI ( hexagonal) 

A TiFeSi (orthorhombic) 
O TINiSi (orthorhombic) 


Germanides 



Fe 

Co 

Ni 

Ti 

A 

A 

□ 

Zr 

□ 

□ 

CZl 

Hf 

A 

□ 

a 

V 


□ 

0 

Nb 

A 

□ 

□ 

Ta 

□ 

□ 

□ 

Mo 

A 



W 




Mn 

A 

A 

A 



Ru 

Rh 

Pd 






0 


□ 





V 




Nb 


□ 


Ta 





A MgZn2 (hexagonal) 
A Nt2 In (hexagonal) 
* this work 
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Table 2. Survey of the structure types of the equiatomic ternary rare earth (including yttrium 
and scandium) silicides and germanides with transition metals of the iron, cobalt and nickel 
groups (after Hovestreydt et al 1982) 


Silicides 



Fc 

Co 

Nl 

Lo 

♦ 

0 

1_1 

Cc 



IflalEII 

Pr 

♦ 


EH 

Nd 


a 

IfolH 

Sm 


0 


Eu 




Gd 

0 

0 

□ 

Tb 

9 


q 

Dy 



If^ 

Ho 

9 


□ 

Er 



r~i 

Tm 




Yb 

0 



Lu 




Y 

♦ 



Sc 


JS_ 

!a 1 


Ru 

Rh 

Pd 

Lo 


0 


Cc 




Pr 




Nd 




Sm 




Eu 




Gd 


C2 


Tb 


o__ 


Dy 


CD 


Ho 


H 


Er 




Tm 




Yb 




Lu 




Y 


g 


Sc 

JH 

a _ 



0« 

Ir 

Pt 

Lo 


_o_ 


Cc 




Pr 




Nd 


0 

I^HI 

Sm 



InH 

Eu 




Gd 


i^— 

3 

Tb 



q 

Dy 



n 

Ho 



CD 

Er 



5 

Tm 



£1- 

Yb 




Lu 



0 

Y 

L——. 



Sc 


g 

1^1 


Germanides 

Fc Co Nl 

rzzuz^^zni 

Ct_ 

Pr_ 

Nd_ 

Sm_ 

Eu_ 


Gd 


CD 

CD 

Tb 



q 

Dy 




Ho 


CD 

CD 

Er 



□ 

Tm 




Yb 




Lu 


CD 

q 

Y 


• 

q 

Sc 


CD 

q 

Ru 

Rh 

Pd 

Lo 



ja_ 

Cc 


a 


Pr 


CD 

flj_ 

Nd 


a_ 


Sm 


□ 


Eu 




Gd 


q 

m 

Tb 


cq 

m 

Oy 



m 

Ho 


q 

tn 

Er 


a 

d 

Tm 


q 


Yb 




Lu 



“J 

Y 


q 

inmi 

Sc 

A 


A 1 


Ot 


Pt 

Lo 



l°Mil 

Cc 


q 


Pr 




Nd 


q 

["IHI 

Sm 


q 

tp 

Eu 




Gd 


q 

q 

Tb 

_ 

q 


Dy 


q 

o~~ 

Ho 

tzz 

q 

ca 

Er 

1 

S 

q 

Tm 

* 

tHi 

q 

Yb 




Lu 




Y 

i 

q 

q 

Sc 

lA. 

d 



^ PbFCl (tetragonal) m CcCU 2 (orthorhombic) 

A 2rNiAi (hexagonal) (3 LaPtSi (tctrogonal) 

O TiNiSi (orthorhombic) o LaIrSi (cubic) 

Rorc corth - transition metal gallidcs LnM'Ga (M*z Ni.Pd^Pt^Rh and Ir) 
adopt the TiNiSi structure with the single exception of CeNiSi 
which adopts the ZrNiAl structure (Hovestreydt et al 1982) 


representatives (e.g., NbRuP, TaRhP, etc.; table 4) crystallizing with the C 02 P (TiNiSi- 
type) structure possess low (< 4-5 K) (Muller et al 1983). Thus, crystal structure plays 
an important role in giving rise to high Te. This is corroborated by the heat capacity 
studies on ZrRuP carried out by Stewart et al (1982) which showed large electron- 
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Table 3. Survey of the structure types of the equiatomie ternary transition metal phosphides 
arsenides and borides (after hruchart 1982; Rundqvist and Nawapong 1966; Jeiischko 1968 
with some modification) 


Phosphides 



Fc 

Co 

NI 

Ti 

□ 

□ 


Zr 


o 

▲ 

Hf 




V 

EZl 

□ 

□ 

Nb 

□ 

□ 

□ 

Ta 

□ 

o 

□ 

Mo 

□ 

□ 

A 

W 


□ 

A 

Mn 

□ 

a 



Ru 

Rh 

Pd 

Ti 

A 



Zr 

An 

"5r 


Hf 

A 



V 

□ 

"B"’ 


Nb 

□ 

g ' 


To ' 

a ' 

g ' 



Arsenides 
Fe Co Ni 


A 









A 

n 

□ 

gi 

□ 

□ 

□ 

o 

□ 







X 

"o' 

~ 


Ru Rh Pd 



□ 

A 

A 



AA 




"gT 









Borides 
Fe Co Ni 














A 


■1 

A 


■1 


g 


"a" 

g 






A ZrNiAl (h«xagona() 
Q TiNISi (orthorhombic) 
A TiFeSi (orthorhombic) 


X fejA* (tetragonal) 
A Ni2ln ( hexagonal) 
MoAIB (orthorhombic) 


phonon interaction and relatively low values of the N(0), the density of states at the Fermi 

ZrRuSi, crystallizing with the Fe 2 p structure similar to 
mmiirprn™! superconductivity above 1-2K, the limit of temperature 

et al 19801 compound is metallic (Johnston and Braun 1982; Barz 

(X = Sinr P) charge transfer effects and the non-metallic constituent 

are isolated ^ ttnportant role in inducing superconductivity. Since P or Si atoms 
they are nresent« c *—^ tionds exist) it is reasonable to assume that 

always tetravalent tb ZrRuP and ZrRuSi respectively. Since zirconium is 

transfer from Zr to Ru in Zr- RuSi- 
considerations conduction band in Zr^-'RuP"-. Similar 

NbRhP ScRiiSi Pi , isostructural series of compounds NbRuSi, 

in ^ and Af atoms *1 ‘^itanges in electronic band structure are effected by changes 
electrons ” metal atoms act as a source or sink of 
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T*We 4. T, data on equiatomic MM’X ternary phases (taken from Subba Rao and 
Geetha Balakrishnan 1984; Braun 1984) 


I. Phosphides and arsenides (-Y = P, As) 



Hexagonal structure 
(FejP-type) 


Orthorhombic structure 
(CojP-type) 

Phase 

TcK 

Phase 

r„K 

Phase 

r„K 

TiRuP 

1-3 

— 

_ 

ZrRuP 

3-46 

ZrRuP 

130 

ZrRuAs 

11-7 

ZrRhP 

< M 

HfRuP 

10-9 

HfRuAs 

4-9 

NbRuP 


TiOsP 

1-2 

— 

— 

NbRhP 

4-08 

ZrOsP 

7-4 

ZrOsAs 

80 

TaRuP 

_ 

HfOsP 

6-1 

HfOsAs 

3-2 

TaRhP 

4-41 


II. Silicides and germanides (X = Si, Ge) 

Tetragonal LaPtSi type structure 

Compound 

r..K 

LaPtSi 

3-48 

LalrGe 

1*64 

LaPtGe 

3*53 

ThlrSi 

6-50 

ThRho.96Sii.o4. 

6-45 


Superconductivity has been established in precious-metal containing tetragonal 
ThSii derivatives of the LaPtSi-type (table 4) (Braun 1984). The 7; values range from 
1*6 to 6-5 K. Reports on the superconductivity of the cubic SrSia-derivatives of the 
LaIrSi structure types (e.g., LaRhSi, LaIrSi) have not been confirmed by other 
investigators (Chevalier et al 1982a; Braun 1984; Evers et al 1984). Detailed studies are 
yet to be made. 


2. Structural aspects 

Since a very large number of MM'X phases crystallize in the ZrNiAl, TiNiSi or their 
derivative structures a brief account of the structural aspects is in order and is given 
below. 

2.1 The ZrRuSi structure 

ZrRuSi crystallizes in the hexagonal ordered Fe 2 P-type structure, Zr and Ru atoms 
occupying crystallographically inequivalent sites of the binary structure. The lattice 
parameters are: a = 6*68 A; c = 3*67 A (Johnson and Jeitschko 1972). The structure 
contains a nearly rhombohedral MM'X subcell as a fundamental building block. 
Figure la gives the structure of ZrRuSi and figure lb gives the projection along the 
hexagonal c-axis. The M'(Ru) and Af(Zr) crystallographic sites are coordinat^ by a 
tetrahedron and tetragonal pyramid respectively of silicon atoms. The MM inter- 
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Fignre 1. (a) Structure of ZrRuSi. The subcell is indicated by the heavy lines and the 
hexagonal unit cell is shown at the top. (b) Projection of the ZrRuSi structure along the 
hexagonal c-axis. Thick lines represent the metallic bonding of the Zr-Ru chains and Ru-Ru 
triangular clusters. The dashed line indicates the boundary of the hexagonal unit cell. 


atomic distances are short (Zr-Ru distance ^ 3 A). The rhombohedral subcells are 
stacked to form columns parallel to the c-axis of the hexagonal unit cell and contain 
M'M zigzag chains. The columns are grouped together permitting the formation of 
triangular clusters of M'(Ru) atoms (figure 1). This leads to a layer type structure with 
each layer occupied by either M(Zr) and A'(Si) or M'(Ru) and 2f(Si) atoms, and 
separated by a distance of c/2. The two dimensional planar framework of Af(Zr) and 
M'(Ru) atoms is therefore an important feature of this structure. 

2.2 The TiFeSi structure 

The TiFeSi structure is a superstructure modification of the ZrRuSi type phase 
(Jeitschko 1970a,b). It arises from small displacements (upto 04 A) of the atoms 
from their ideal hexagonal positions causing a reduction in symmetry from hexagonal 
to body centered orthorhombic. The interatomic distances are, however, not much 
affected by these shifts since the positions of the neighbouring atoms are adjusted 
accordingly. The lattice constants of the TiFeSi structure are related to the hexagonal 
lattice parameters by flortho® 2ch^, and c^rtho^Ohexa- These 

displacements cause a transverse bending distortion of the Ru trigonal prisms (figure 2). 
The tilt of the Ru triangles alternates along the column axis, causing a doubling of the 
lattice parameter and a reduction of the symmetry from hexagonal to orthorhombic. 
The TiFeSi superstructure has been observed (table 1) for TiFeSi, TiRuSi, TiFeGe, 
ZrRuGe, NbFeGe, Ti(Coi-j^Fe^Ge for x>0*l, and HfRuAs (low temperature 
phase) (Johnson and Jeitschko 1972; Jeitschko 1970a, b; Jeitschko and Johnson 1975; 
Meisner 1983). 
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ZrRuSi TiRuSi 


Figure 2. The distortion of the stacked trigo¬ 
nal prisnas in ZrRuSi leading to the TiFeSi-type 
superstructure. The tilt of the Ru triangles 
alternates along the column axis causing a 
doubling of the lattice parameter and a reduc¬ 
tion of the symmetry from hexagonal to 
orthorhombic. 


2.3 The TiNiSi structure 

The orthorhombic TiNiSi structure, although substantially different from the ZrRuSi 
structure discussed earlier, is built from the same MM'X subcell and contains 
undistorted M-M' chains. The structure has layers which are filled with both M and M' 
atoms and these layers are all equivalent. The important features of this structure and- 
their effect on superconducting 7^ have been discussed earlier with reference to ZrRuP 
(Subba Rao and Geetha Balakrishnan 1984). 


3. Present studies 

The hexagonal ZrNiAl or Fe 2 P-type structure is favourable in giving rise to high 7^ 
superconductivity in MM'X pnictide phases. However, charge transfer effects and 
electronic density of states also do play a significant role since ZrRuSi with the ZrRuP- 
structure is not at all superconducting above 1-2K. Since a large number of ternary 
MM'X silicides are reported in the literature crystallizing with the ZrNiAl structure, we 
thought it would be interesting to examine the compounds MReSi, MRuSi, Af RuGe 
(M = Nb,Ta) and a few solid solutions (Zri/ 2 Mi/ 2 )RuSi, Af = V, Nb, Ta, Mo for 
superconductivity. Of the above, the existence of only NbReSi and TaReSi have been 
reported in the literature (Yarmolyuk and Gladshevskii 1974) where it was mentioned 
that the phases crystallize in the ZrNiAl structure. 

We have presently synthesized the above compounds in addition to the known phase 
ZrRuSi and find that AfReSi and AfRuSi (Af = Nb, Ta) crystallize in the TiFeSi- 
structure, which is a distorted version of ZrNiAl. We discovered superconductivity in 
all the above four compounds but the 7^ values are low (7^ < 5 K). The low 7^ may 
perhaps be due to the distortion in the crystal structure. The solid solutions 
(Zriy 2 Afi/ 2 )RuSi, Af = Nb, Ta retain the hexagonal ZrRuSi structure but are not 
superconducting above 2-2 K, a behaviour similar to ZrRuSi. We also report the 
electrical resistivity and Seebeck coeflScient data in the range 77-300 K for a few 
representative compounds. 


4. Experimental 

4.1 Sample preparation and characterization 

Stoichiometric proportions of the high purity elements (Zr - 99*99 [Nuclear Fuel 
Complex,, Hyderabad, India]; Nb-99*8%, V-99*5%, Rh-99*9%, Ta-99-9%, 
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Mo-99*9 %, Ge-99-999 %, Ru- 99*9 % [Ventron, usa] Re- 99*99 % [Cerac, uk] and Si 
lumps 99*5% [Ventron, usa]) were taken and melted in a d.c. arc furnace [Centorr, 
usa]. The arc melting was carried out on a water-cooled copper hearth under a purified 
and Ti-gettered argon atmosphere. Melting was done three to four times by inverting 
the alloy buttons to promote homogenization. The arc melted samples were then 
crushed, ground, pelletized and annealed at 9(X)°C for 7-10 days in evacuated (10"^ 
Torr) and sealed quartz tubes. 

. The as-cast and annealed samples were characterized by the powder x-ray diffraction 
technique using a Guinier camera and diffractometer (Cu-Ka radiation). Quartz was 
jsed as the internal standard. The lattice constants were obtained by least square fitting 
3f the high angle lines. 

1.2 Tc and electrical studies 

The superconducting transition temperatures of the compounds were measured on 
ground and powdered portions of the as-cast and annealed samples. The measurements 
vere made by an inductive (flux expulsion) method using a liquid He cryostat. A low 
requency excitation (123 Hz) was used. High purity tin (Tc = 3*8K) or niobium 
Tc = 9‘2K) or lead (Tc — T2K) was used as standard both for calibration of 
smperature as well as signal strength. Temperature was measured using a Si diode 
ensor with an accuracy of ± 0*05 K. The Tc values reported correspond to the 
lidpoint of the susceptibility transition. The transition width was taken as the 
imperature interval between 10% and 90% of the signal during the transition. 

Resistivity vs temperature studies were carried out on sintered pellets in the 
smperature range 100-300 K. The measurements were made by the Van der Pauw 
lethod using four point probes. The apparatus used for measurement has been 
escribed earlier (Umarji 1980). The Seebeck coefficient measurements were carried out 
1 the range 100-300 K, on the sintered pellets with respect to copper using the 
pparatus previously described (Umarji 1980). 


. Results and discussion 

,1 Structure 

study of the x-ray diffraction patterns obtained on the compounds synthesized 
lowed that most of them were well defined single phase materials with the exception 
r the following: MRuGe, M = Nb,Ta; (Zri/ 2 Mi/ 2 ) RuSi, M = V,Mo and 
r(Rui/ 2 Rhi/ 2 )Si. The latter showed complex x-ray patterns and perhaps are 
ultiphasic in the as-cast form and further studies were not made on them. 

The x-ray powder patterns of MM'Si compounds (M = Nb, Ta, M' = Ru, Re) could 
: basically indexed to the hexagonal ZrNiAl type structure. However, additional weak 
les which could not be indexed to the ZrNiAl type structure and broadening and 
fitting of some of the lines were observed. This has been previously observed in the 
se of the orthorhombic TiFeSi (Jeitschko 1970a, b) which has a superstructure based 
i the ZrNiAl structure. The above compounds could thus be successfully indexed to 
e orthorhombic TiFeSi-type structure. The compounds NbReSi and TaReSi have 
en previously synthesized by Yarmolyuk and Gladyshevskii (1974) and were 
ported to crystallize in the ZrNiAl-type hexagonal structure. Our studies, however, 
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(Zr,/ 2 Nbi/ 2 )RuSi NbRuSi 


hkl 

^obs 


^obs 

hkl 

^obs 

dol 

100 

5-686 

5-710 

vv 

( on 

5-670 

5-671 





1 020 

5-707 





121 

3-663 

3-680 

001 

3-644 

3-647 

vw 

— 

— 

_ 

110 

3-349 

3-297 

m 

f 002 

3-276 

3-268 





1 031 

3-288 

101 

3-074 

3*074 

s 

f 211 

3-021 

3-016 





1 220 

2-994 

3-021 

200 

2-851 

2-855 

w 

f 022 







1 040 



111 

2-443 

2-446 

vs 

f 202 

2-439 

2-408 




1 231 

2-412 

2*416 





132 

2-333 

2-341 





310 

2-314 

2-325 

201 

2-246 

2-248 

vs 

f 222 

2-218 

2-218 





1 240 

2-227 





150 

2-181 

2-174 

210 

2-155 

2-158 

vs * 

^ 013 

2-141 

2-140 





i 042 

2-149 





321 

2-080 

2-078 





330 

2-052 

2-014 





123 

1-951 

1-957 





312 

1-923 

1-894 

300 

1-899 

1-903 

w J 

[ 033 

1-891 

1-890 




I 

1 060 

1-902 

211 

1-856 

1-857 

w 1 

' 213 

1-837 

1-834 





242 

1-840 

002 

1-826 

1-824 

m 

400 

1-784 

1-781 




332 

1-713 

1-715 

112 

1-595 

1-596 

vw i 

402 






1 

431 






1 

422 

440 

1-509 

1-508 




i 

1-511 




I 

204 

262 

, 1-487 

1-485 





1-493 





352 

,1-465 

1-470 

311 

1-451 

1-453' 

m 1 

224 

1-441 

1-437 




1 

253 

1-441 




1 

044 

080 

1-417 

1-418 




1. 

1-427 




f 

■413 


1-369 

212 

1-392 

1-393 

m I 

442 

1-370 

1-371 




1 

.451 




■^obs 


m 

w 


s 


s 

w 


m 

vs 

vw 

w 

vs 

w 

vs 

w 

m 

w 

w 

s 

s 

s 

w 


m 

m 

w 

s 

m 


s 


TaReSi 


hkl 

^obs 


■^obs 

(on 
i 020 

5-775 

5-741 

5-807 

m 

f 002 

1 031 

3-336 

3-303 

3-340 

s 

f 211 

t 220 

2-983 

2-989 

2-998 

s 

f 022 

1 040 

2-890 

2-871 

2-903 

m 

f 202 

1 231 

2-402 

2-402 

2-417 

vs 

132 

2-336 

2-365 

m 

f 222 

1 240 

2-220 

2-220 

2-235 

s 

f 013 

1 042 

2-183 

2-163 

2-181 

s 

321 

2-118 

2-058 

m 

330 

2-044 

1-999 

w 

123 

1-990 

1-975 

w 

f 033 

1 060 

1-927 

1-914 

s 

f 213 

1 242 

1-851 

1-840 

1-851 

s 

400 

1-743 

1-751 

s 

f 402 
t 431 

1-528 

1-547 

1-550 

m 


204 


1 262 



— 

r 224 

1-457 

1-446 


C 253 

s 

1-454 


f 044 

1-420 

1-435 


1 080 

1*430 

m 

r413 


1-361 


< 442 

1-361 

1-365 

s 

1451 





m—medium; s —strong; w—weak; v —very. 
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clearly show that they crystallize in the orthorhombicTiFeSi structure, the superstruc¬ 
ture lines being clearly visible in the Guinier powder patterns. As the superstructure 
lines of the TiFeSi structure are quite weak, it might be possible that some of the ternary 
phases, reported in literature to be isotypic with the ZrNiAl structure on the basis of a 
Debye-Scherrer x-ray pattern, actually crystallize with the TiFeSi structure. The 
compounds crystallizing with the TiFeSi structure were annealed at 900°C for one week 
to see if they reverted to the hexagonal structure. The x-ray powder patterns after 
annealing, however, showed that they still retained the orthorhombic TiFeSi structure. 
No impurity phases were found in the samples either before or after annealing. The x- 
ray Guinier data are given in table 5 and the lsq fit lattice parameters are presented in 
table 6. 

The x-ray patterns of the solid solutions, (Zri/ 2 Miy 2 ) RuSi (M = Nb, la) showed 
that they crystallize with the undistorted ZrNiAl-structure. The ZrRuSi presently 
synthesized was also found to crystallize in the hexagonal ZrNiAl structures as reported 
in the literature (Johnson and Jeitschko 1972). The Guinier x-ray powder data and 
lattice parameters for (Zri/ 2 Nbi/ 2 )RuSi (hexagonal) is given in tables 5 and 6. 

5.2 Physical properties 

The compounds are black in colour and stable towards exposure to air and moisture. 
They can be easily powdered and cold pressed to pellets for annealing purposes. 

5.2a Superconductivity: The low frequency a,c. susceptibility technique definitely 
established superconductivity in the four compounds, MRuSi and MReSi 
(Af = Nb,Ta). The Tc values range from 2*7 to 5*1 K (table 6). The transitions are 
complete in almost all cases with the transition widths (A T) ranging from 0*5 to 1 K. 
Annealed samples showed slightly lower transition temperatures, by about 0*2-04 K, 
but the nature of the transition (sharpness) remained unchanged. Figure 3 shows the 


Table 6. Crystal, and electrical data of ternary silicides MM'Si 


Compound 

Lattice parameters 
(±0-005 A) 

P3OOK 

(X 10"^ ohm cm) 

*300 K 
li\/K 


a 

b 

c 

Hexagonal ZrRuSi-type 

ZrRuSi 

6-660 


3-655 

1-6 

-8-4 

* 

2 ^0"5 ^^o-5 RuSi 

6-593 


3-647 

2-0 

-4-8 


Zro-sTa^-sRuSi 

6-586 


3-651 

— 

— 

— 

Orthorhombic TiFeSi-type 

NbRuSi 

7-123 

11-413 

6-535 

— 

-4-3 

2-65 

TaRuSi 

7-222 

11-111 

6-482 

3-3 

-7-5 

3-15 

NbReSi 

7-070 

11-442 

6-606 

_ 

_ 

5-1 

TaReSi 

7-002 

11-614 

6-605 

— 

— 

4-4 


*Not superconducting above 1-2 K (Johnston and Braun 1982; Barz et al 1980); **Not 
superconducting above 2*2 K; ^Data on the as cast unannealed samples. values showed 
slight decrease on annealing (see text and figure 3) 
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Figure 3. Superconducting transitions of (a) NbRuSi and (b) TaRuSi measured by the a.c. 
susceptibility method (123 Hz). Data are for the annealed samples. Tonsct values are indicated. 
Tc values are 2*46 and 2*68 K respectively. The transition of Pb-metal (Tc = 7*2 K), used as the 
internal standard is also shown. 


superconductivity transitions in NbRuSi and TaRuSi after annealing. Lead {Tc 
= 7-2 K) was used as the internal standard. The compound (Zri/ 2 Nbi/ 2 )RuSi was not 
found to be superconducting upto 2*2 K, our lowest attainable temperature. 

The presently observed low Tc values in MM'Si (M = Nb, Ta; Af' = Ru, Re) are 
perhaps the result of the orthorhombic TiFeSi-structure adopted by these compounds 
rather than the favoured hexagonal ZrRuSi structure. In fact Meisner (1983) found that 
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Hf RuAs remained normal down to 1K when crystallized in the TiFeSi-structure whereas 
the same compound had a 7^ of 4*9-4*4 K when crystallized in the hexagonal ZrRuSi 
structure. Thus, the TiFeSi-structure does not appear to be conducive to high T,. Since 
TiFeSi is closely related to the hexagonal ZrRuSi structure, we do not expect large 
changes in the electronic band structure of HfRuAs crystallizing in the two 
crystallographic modifications and only the changes in the electron-phonon interac¬ 
tions must be responsible for the observed behaviour in HfRuAs. Similar arguments 
can be applied for the silicides presently studied. 

The fact that MRuSi and MReSi, M = Nb, Ta are superconducting, whereas ZrRuSi 
is normal shows that the charge transfer from Nb or Ta to Ru and Re is definitely 
affecting the band structure and increasing the density of states at the Fermi level (Ep), 
A priori it is not possible to indicate whether a peak exists in the density of states at in 
NbRuSi or NbReSi. Detailed band structure calculations and xps studies may throw 
light on this. Lack of superconductivity in (Zri/ 2 Nbi/ 2 )RuSi with the hexagonal 
structure above 2-2 K indicates that either Tc is lower than 2*2 K or that the charge 
transfer from Nb is not sufficient to change the band structure of ZrRuSi and increase 
the density of states at the Fermi level. 

5.2b Resistivity and Seebeck coefficient: The electrical resistivities and Seebeck 
coefficients of a few representative samples, namely, ZrRuSi, TaRuSi, 
(Zri/ 2 Nbi/ 2 )RuSi, have been measured in the temperature'range 100-300K. The 
results are shown in figures 4 and 5 and table 6. A linear increase in the resistivity with 
increasing temperature is observed for pure compounds. The resistivity is almost 
temperature independent for (Zri/ 2 Nbi/ 2 )RuSi unlike those of the other two 
compounds. Due to the electron transfer from Ta or Nb to Ru, a larger concentration of 
conduction electrons is expected in the case of TaRuSi and (Zri/ 2 Nbi/ 2 )RuSi as 
compared to ZrRuSi and hence these compounds are expected to be more metallic. The 
room temperature electrical resistivities of the three compounds are, however, almost 
comparable despite their differences in electron concentration, the difference lying only 
in the temperature dependence of the electrical resistivities. 

All the compounds studied show negative values of Seebeck coefficient (a) ranging 



Figure 4. Normalised resistivity vs temperature plots for the ternary silicides 
(1. Zr(j .5 Nbo-sRtiSi; 2. TaRuSi; 3. ZrRuSi). 
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Figure 5. Seebeck coefficient vs temperature plots for the silicides AfM'Si (1. NbRuSi; 
2. Zro.5 Nbo j RuSi; 3. TaRuSi; 4. ZrRuSi). 

from 3 to 9 /xV/K at room temperature and almost similar temperature dependence 
indicating electrons as the majority charge carriers. The conduction bands of TaRuSi, 
NbRuSi and (Zri n Nbi / 2 )RuSi are expected to be more filled than for ZrRuSi due to an 
increase in the charge transfer. This is also brought out by the fact that the values of a 
for NbRuSi, (Zri/ 2 Nbi/ 2 )RuSi and TaRuSi are less negative than that of ZrRuSi. 

6. Conclusions 

Of the series of ternary equiatomic silicides-MM'Si (M = Zr,Nb,Ta; M' = Ru,Re) 
synthesized, the compounds MRuSi and MReSi (M = Nb, Ta) adopt the ortho¬ 
rhombic TiFeSi structure and the compounds ZrRuSi and (Zri/ 2 Mi/ 2 )RuSi (M 
= Nb, Ta) adopt the ZrNiAl structure. All compounds are metallic and exhibit negative 
Seebeck coefficients. The compounds MRuSi and MReSi (Af = Nb, Ta) are super¬ 
conducting with Tc between 2*7 and 5-1K. The low values of Tc are perhaps due to the 
fact that they adopt the TiFeSi structure rather than the favourable ZrNiAl structure. 
However, it is noteworthy that they indeed exhibit superconductivity as expected 
indicating that charge transfer plays an important role in determining the super¬ 
conducting properties in the 1:1:1 ternary systems. 
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Magnetic properties of RRh3B2(R = La, Ce,Nd, Gd) compounds 
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Tata Institute of Fundamental Research, Homi Bhabha Road, Bombay 400005, India 

Abstract. The ^^Bnmr results on RRh 3 B 2 (R - La, Ce, Nd and Gd) are reported. For 
CeRh 3 B 2 , specific heat and electrical resistivity are reported. From a comparative study of the 
^ ^ B NMR Knight shifts and the spin lattice relaxation times of these compounds it is shown that 
in CeRh 3 B 2 , there is strong hybridization of 4/ states with the conduction electrons. A local 
moment on Ce with admixture of 4/ and 5d-6s orbitals is suggested. 

Keywords. Magnetic properties; rare earth compounds; 4/, 5d, 6s orbitals; hybridization. 


1. Introduction 

The ternary borides form an interesting class of materials in view of their magnetic and 
superconducting properties (Maple eta/1982). After the synthesis of RRh 4 B 4 (R = rare 
earth) compounds by Matthias et al (1977) numerous ternary borides were studied by 
various workers (Rogl 1979; Maple et al 1982). In particular the RRh 3 B 2 compounds 
are known to exhibit interesting magnetic properties (Ku and Shelton 1980; Ku et al 
1980; Dhar et al 1981) LaRh 3 B 2 is a superconductor with a of about 2*6K, whereas 
CeRh 3 B 2 orders ferromagnetically at ^ 115 K. This transition temperature is the 
highest known for any Ce compound with nonmagnetic elements. The other 
compounds also order magnetically with smaller T„ values. In view of the unusual 
[properties of these compounds, a detailed study using ^^Bnmr, a.c. susceptibility, 
specific heat and electrical resistivity with particular emphasis on CeRh 3 B 2 is 
undertaken and the results are presented below. 


2. Experimental 

The alloys RRh 3 B 2 (R = La,Ce,Nd,Gd) were made from constituent elements by 
melting them in stoichiometric proportion in an arc furnace under an inert atmosphere 
of argon. They were annealed at 7()0°C'for one week. The homogeneity of the samples 
was checked by x-ray diffraction. The real part of the a.c. susceptibility Ih® specific 
heat C and the electrical resistivity p of these samples were measured. ^ ^ B nmr data were 
recorded for LaRh 3 B 2 , CeRh 3 B 2 , NdRh3B2 and GdRh 3 B 2 . 


3. Results and discussion 

The a.c. susceptibility curves y^{T) of CeRh 3 B 2 and NdRh 3 B 2 are shown in figures 1 
and 2 respectively. A peak at 115K is observed for the Ce compound showing the 
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Figure 2. Specific heat C and real part of a.c. susceptibility of CeRhjBj. 


inset of ferromagnetic order. Figure 2 also depicts the specific heat of CeRh 3 B 2 . The 
nagnetic contribution to the specific heat shows up as a bump near the ordering 
emperature. The electrical resistivity of CeRhsB^ as a function of temperature is 
hown in figures. We notice the change of slope near Below the 

esistivity clearly shows a magnetic contribution. The magnetic contribution to the 
esistivity has been worked out theoretically by Mott (1935,1936) and Kasuya (1956). 
Lasuya (1956) considers an exchange interaction between the conduction electrons and 
lie inner shell electrons. At temperatures above absolute zero, but below T„ the spin 
^ave excitations produce irregularities in the spin orientations and the conduction 
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Figure 3. Electrical resistivity (in arbitrary units) of CeRh 3 B 2 . 


electrons get scattered at these irregularities, thereby contributing to resistivity. Above 
Tjn the spins are totally random, and that would produce a situation where the electrons 
are scattered at each lattice point. This would give a contribution similar to that of 
phonons i.e. proportional to T at higher temperatures. Kasuya’s calculation gives the 
magnetic contribution to resistivity as 

f37m*^\iS-M){S + M + l)Jlg 

where S is the spin of the ordering moments per atom, M the thermal expectation value 
of magnetization; •^eff is the effective exchange energy of conduction electrons with the 
inner shell electrons; and is the fermi energy. The value of M can be deduced from 
the reported magnetization data (Dhar et al 1981). This magnetic contribution when 
added to the phonon contribution, would result in the experimentally observed 
resistivity. 

The “Bnmr Knight shift for CeRhaBj is plotted against temperature in figure 4. 
The “B resonance in the magnetically ordered state at 77 K exhibits an anisotropic 
Knight shift (ks). The shift if^s can be written as 

where is the isotropic part and is the dipolar part and 6 the angle between the 

symmetry axis (i.e. c-axis) and the direction of the applied field. It is known that 
Hiso = (^^11 + 2HJ/3 and = 2{H^ - )/3, where and are the peak and edge 

fields of the spectrum. H^p is found to be about — 300 Oe. This can be simulated by a 
lattice sum of dipolar fields assuming a moment of 0-42 Hg at each cerium site. This 
value is close to the reported bulk value of 0-38 fig- 

The Knight shift in the paramagnetic state is plotted against susceptibility in figure 5 
for CeRh 3 B 2 . A linear dependence with K = Ofor x = 0 is observed. If Knight shift is 
written as 


K = iAgf/Nttg)x{T) 
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Figure 4. ^^Bnmr signals at 180K and 77 K in CeRh 3 B 2 . The inset shows the as a 
function of temperature. 



a value of the hypetfine coupling constant = 1340 Os/fig is obtained for CeRhjBz. 

The plots of X vs rfor NdRhaBj are shown in figure 6.Kvsx for NdRhaBz is plotted 
in figure?. A^f for NdRh 3 B 2 and GdRhsBj are found to be 609 Oe/fig and 
- 610 Ot/fig respectively. In a simple uniform conduction electron polarization model, 
can be written (Kohori et al 1983) 

where H^f is the hyperfine field due to s-electrons at the B site and J,,, the s -f 
exchange constat. From the observed A^f values and the above relation* it is found 
that N{Ef)J^j- in CeRh 3 B 2 is about six times larger than in other compounds T his 
shows that the mixing interaction between 4/ and conduction electrons is rather strong. 
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Figure 6. Temperature dependence of Knight shift of NdRh 3 B 2 . 



Figure 7. Knight shift versus susceptibility plot for NdRhsBz. 


This would qualitatively account for the reduction of the moment from the free ion 
value. 

The spin lattice relaxation time (Ji) of resonance as a function of temperature is 
plotted in figure S for CeRhaBa and LaRh 3 B 2 . The relaxation rate (l/Ji) for CeRhaBj 
be taken to be a sum of Korringa type relaxation due to conduction electrons and a 
contribution due to 4/ spin fluctuations: 

As a rough approximation if we take (1/Ti)|^ to be equal to that of LaRh 3 B 2 (i.e. 
Ti r = 100 sec K) we can estimate (1 / Ti ) 4 y. From figure 8 we can see that the diflFerence 
between the (l/Ti) values of CeRh 3 B 2 and LaRh 3 B 2 remains essentially temperature 
independent at high temperatures. This is consistent with spin fluctuation mechanism. 
On the other hand for local moments coupled by Ruduman Kittel Kasuya and Yoshida 
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Figure 8. Temperature dependence of the “B spin lattice relaxation time Tj. 


(rkky) interaction (Moriya 1956) (1/Ti) is a sum of two parts, (l/ri)RKKV and 
(l/ri)dipoie (Kohori et al 1983) 


(1/7’i)rkky = i2ny'^ ^ (dj - if JU + l)/3t»e 

i 


(V^l)dipole “ 


- - ^r, 


where At = (y0j.4»/)/3(gj — 1) and to* the exchange frequency. A rough estimate of cOg 
can be made by assuming mean field approximation, using the relation 

(fico^y = (3kTjy6z(gj - 1) J( J +1) 

where z is the number of nearest neighbours coupled, which is taken to be two along the 
c-axis. The values of (l/ri)RKKY and (l/ri)dipoie are listed in table 1. 

The agreement between calculated values and experimental values is reasonable 
except for the case of CeRh 3 B 2 . The very poor agreement for CeRh 3 B 2 shows that a 
simple RKKY model assuming well localized moments is not applicable to this 
compound. This and other factors discussed above suggest a strong hybridization of 4/ 
electrons with conduction electrons for CeRh 3 B 2 . This hybridization appears to play 
an important role in the high ordering temperature and the observed smaU value of the 
magnetic moment. 


Table 1. Values of H/Tilgiy-y and 


Compound 

(l/r.)„psec-' 


(1/^i)rkky 

CcRh3B2 

2-20 

0.57 

0.20 

NdRhaBj 

630 

640 

110 

GdRhaBj 

1800 

930 

160 
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Abstract. An attempt has been made to review the ferromagnetic resonance and relaxation 
data on rare earth iron garnets and in the light of it, to analyze the data on Sm and Eu thin filmR 
and Gd and Dy bulk polycrystalline samples obtained in our laboratory. A phenomenological 
approach adopted to explain the temperature and composition dependence of the line width 
and appears to explain the complex spectra in most cases. 

Keywords. Magnetic relaxation; rare-earth garnets; ferromagnetic resonance. 


1. Introduction 

The ferromagnetic resonance line width in rare earth iron garnets has been extensively 
studied over almost three decades (De Gennes et al 1959; LeCraw et al 1963; Sinha 
and LeCraw 1971). Yet even today some aspects of the magnetic relaxation phenomena 
in these garnets have not been fully understood. For example, in SmIG the magnetic 
moment of Sm^ ion is much smaller than what is expected on the basis of the effect of 
the presence of low lying excited states on the ground state and yet the ferromagnetic 
line width is large and shows a complex temperature dependence. Likewise, in EuIG 
three possible microscopic processes have been proposed to explain the presence of a 
low temperature peak in the AH vs T curve. The first is based on the resonant magnon 
excitation of the ground state ion (LeCraw et al 1963), second, on the crystal field 
and/or spin-orbit splitting of the excited state J = 1, (Huber 1964) and the third on the 
magnon-phonon (Sinha and LeCraw 1971) interaction. None of these theories is found 
to adequately explain the relaxation phenomena either in bulk EuIG or in thin 
EuYFeGaG films (Rao 1985). It is only in a system like YbIG with a relatively simple 
ground state of the rare earth ion that it is possible to explain the structure of the low 
temperature peak satisfactorily. Relaxation behaviour of rare earth (re) garnets with 
ions of S-character like Y^ , Gd^ , La^ ^ and Lu^ is, however, fairly well understood. 

A survey of the room temperature line width for 4/" (0 ^ m ^ 14) rare earth garnets 
(re 3 Fe 5 O 12 ) shows that it can vary from a few Oersted for LuIG to 3000 Oe for 
HoIG. Also there are two peaks, one at (Sm^'^) and the other at (Ho). The 
presence of these peaks is yet not fully understood. The re 3 Fes O 12 garnet phase is not 
formed when the rare earth sublattice is fully occupied by the 4/" ion for 0 < n ^ 4, so 
it is not possible to discuss the behaviour of AH as a function of the / electron 
concentration in this region. Some indication of the relaxation behaviour of these ions 
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can be obtained from the manner the line width changes with small additions of rare 
earth ions in YIG. The observed line broadening due to the presence of small amounts 
of impurities in YIG has not been fully explained due mainly to lack of knowledge 
about the low lying excited state. 

It is possible to explore the dominant mechanism for relaxation oiily if the ground 
and low lying excited states of the ion are well understood. The easiest way to obtain 
these is to study the magnetization and the gyromagnetic ratio. In the next sections, we 
briefly discuss these for some of the RE 3 Fej O 12 garnets. 

Recently a programme to study the relaxation phenomena in Sm- and Eu- thin films 
started in our laboratory when liquid phase epitaxy (lpe) facilities were established for 
the growth of these films (Mukhopadhyay and Rao 1984). Some results obtained in this 
study are presented in § 3 . 

A new technique for the measurement of developed in our laboratory 
(Srivastava et al 1980) has been used to study the relaxation phenomena in Gd- and Dy- 
iron garnets. It is shown in § 5 that the fmr line width, AH, and AH^^ both depend on 
the concentration of rare earth ions in a similar manner. 

Finally in § 6 , we briefly analyse the existing data on the magnetic relaxation in rare 
earth iron garnets and conclude with some comments on the work remaining to be done 
in this field. 


2. Magnetic structure and gyromagnetic ratio 

In the garnet with composition RE 3 Fcj Oi 2 each unit cell contains eight formula units 
and the trivalent metal ions occupy three types of cation sites, 16 octahedral or a sites, 
24 tetrahedral or d sites and 24 dodecahedral or c sites. The a and d sites are occupied by 
Fe^ + ions and c is occupied by re^ ions. According to Neel’s theory of ferrimagnetism 
the magnetic moment on a and d sites are antiparallel and that of the c site is antiparallel 
to the resultant of the a and d sites. In the case of the non-spherical configuration of the 
imre earth ion on the c-sublattice, the exchange field occurs only on the spin. As shown 
in table 1 , all experimental values of 0 K magneton number (n^ = QjJ) for the rare 
earth ions with L 0 are lower than the calculated values implying that L is partially 
quenched by the crystal field or their moments are canted with respect to the magnetic 
axis or both. As La^ * through Pm^ + do not form the garnet structure with res Fe. 0, 2 
com^sitio^^ed compositions like re. Y 3 -,Fe 3 O 32 have been attempted and it is 
found Pr and Nd 10 ns have n, values of 1 -6 and 1 -25 respectively. The Sm^+ 

and Eu 10 ns have nearby excited states which influence their values for n, through 

ISS order^eman effect produced by the exchange field of the iron sublattice 
(Wolf and Van Vleck 1960, White 1964). 

A thrw sublattice analysis of the magnetization and paramagnetic susceptibility of 
the heavier rare earth iron rej Fej Oij garnets ( 4 /", 7 < n < 13) has been carried out 

byour group (Snvastavaeta/1982)and the set of six exchange constantsobtained from 

T """ continuously as n 

^^f l?TandV/ I 'T is observed also for | j. It is surprising that the 

tSmI 5 1 “^«oi‘ode higher for Yb compared to all the 

resi i.e. / ^ n ^ 12 . 

The Wangsness (1953) relation for the g^g for the three sublattice is 


flcff = (M„-M, -M,)_ L_^ 

I \ Si 9a Qc ) ejlmc S ’ 


( 1 ) 
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Table 1. Magneton number for trivalent lanthanide group ion (room temperature) 


Ion 

Configuration 

(4/”) 

Ground 

level 

(free ion) 

9j 

= ^7, J 

(calc) 

"B 

(exp) 


1 


6/7 

2-143 

_ 

Pr3+ 

2 


4/5 

3-2 

1*6 

Nd^-" 

3 

^^9/2 

8/11 

3-27 

1-25 

Pm’* 

4 

% 

3/5 

2*40 

— 

Sm’* 

5 

*H3/2 

2/7 

0-71 

0-14 

Eu’* 

6 


1 

0 

0-74 

Gd’* 

7 

‘Sti2 

2 

7 

7-00 

Tb’* 

8 


3/2 

9 

7-73 

Dy’* 

9 

^^1SI2 

4/3 

10 

7-30 

Ho’* 

10 

% 

5/4 

10 

6-73 

Er’* 

11 

*7 15/2 

6/5 

9-0 

5-07 

Tm’* 

12 

"^6 

7/6 

7-0 

2-07 

Yb’* 

13 

^F7/2 

10/7 

5.0 

1-67 

Lu’* 

14 

‘So 





Table 2. Set of exchange constants (°K) in garnets REsFesOjj 


R 

— Jaa 

~^Jad 

—Jdd 


-7* 

-Jcc 

Y 

6-45 

30-40 

12-05 

0 

0 

0 

Gd 

6-45 

30-40 

12-05 

060 

1-8 

0 

Tb 

6-45 

30-40 

12-05 

1-12 

2-0 

0 

Dy 

6-45 

30-40 

12-05 

2-97 

2-97 

-0-9 

Ho 

6-45 

30-40 

12-05 

2-64 

2-80 

0 

Er 

6-45 

30-40 

12-05 

2-70 

3-40 

0 

Tm 

6-45 

30-40 

12-05 

2-64 

3-96 

0 

Yb 

6-45 

30-40 

12-05 

21-00 

16-1 

-0-2 


Since the exchange field acts on the spin, while the equation of motion of the c- 
sublattice involves the total angular momentum of the rare earth ion, we have 

RE ^ ^ex 

But (^^-1 )Jre=Sre. so 

Hence, 9c = '^(9j-^) 

This indicates that for the lighter rare earths (1 < n < 7) the effective value of the 
Land6 g-factor for the c-sublattice is negative. We obtain from (1) and (2) for 
|Me| <\Mi-Ma\ and ga = 9d = 

0eff = 9 t . - 2(^^]m:^} 


(3) 
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In case we know the dependence of the sublattice magnetization on temperature we 
shall be able to obtain the variation of with temperature using (3). From (1) it shows 
that there can be two types of compensation points, (i) the Af-compensation point, , in 
which M->0 with S also vanishing and (ii) the S-compensation point, in which 
M ^0 but S -► 0. In (i) both g^ff and AH diverge at while in (ii) g^f^ diverges but AH 
does not increase at ts (LeCraw et al 1965). It has been possible to prepare high g 
materials with g exceeding 30 (LeCraw et al 1975) using a YEuFeGa garnet which has 
an 5 -compensation point close to room temperature. Recently Borghese et al (1980) 
have extensively studied several compositions of BUj^Ys-xGay Fe 5 _yOi 2 garnets and 
have found that t* and can be separated for y close to 1*2. Since the mobility of the 
cylindrical domains (Hagedorn 1974) in magnetic bubble materials is directly 
proportional to g^^, the high ^-materials have been an attractive choice to the bubble 
magnetic memory designers (Eschenfelder 1981; Winkler 1981). The high temperature 
coeflBcient of magnetization near the compensation point necessitates, however, use of 
special biasing circuits in bubble devices (Nielson 1976). 

Since the early days of magnetic garnet research, single crystals of YIG have been 
used for microwave filter devices (Whicker and Young 1978) attempts have been made 
to reduce the material cost of the device through replacement of YIG single crystals 
with low line width polycrystalline calcium vanadium garnets but success has been 
limited. 


3. FMR studies 

FMR in thin garnet films and single crystals of rare earth garnets has been studied 
extensively due to their being excellent materials for testing the theoretical models of 
ferromagnetic relaxation (Sparks 1964). We discuss some of the results obtained in our 
laboratory on the resonance studies of thin films of Sm- and Eu-films and 
polycrystalline samples of Eu- and Dy-iron garnets. 


3.1 Eu substituted garnets 

The value of g^^ shows a significant departure from 2 for the Eu-film. This departure 
increases with the concentration of the Eu^"^ ion. The low temperature value of g^Q for 
Eus Fe 5 Oi 2 bulk crystal is MO (LeCraw et al 1963). Also, for x varying from 0 to 1*2 in 
EU;c Y 3 _xGai.oFe 4 0i2, varies from 2*0 to 1-0 at 300 K as shown in figure 1. 

A number of attempts have been made to describe the temperature dependence of g^^ 
in Eu 3 Fe 5 O 12 bulk single crystals. According to Sekerka (1965) 

= x0-75xffv(r)] (4) 

m,(r) = ME„(r)/ME„(0) (5) 


where M^^{T) and M£u(0) are the magnetization of the c-sublattice at T and OK 
respectively. This expression has been modified by Sinha and LeCraw (1971) and they 
find 


( 6 ) 


where 


ffeff(n = 2[l-0-45Z(r)-1] 
Z(r) = [1 + 3 exp(-500/r)] 


(7) 
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Figure 1. Variation of with Eu^ ion 
concentration at 300 K. 


Table 3. The values and gj obtained as a function of x in Y 3 .xEuxFe 4 .oGai.o Oj^ 


X 

- 9 c 

9 j 

0*2 

046 

077 

0-4 

0-46 

077 

0-6 

046 

077 

0*8 

0-31 

085 

1-0 

0-25 

088 


Here, Z{T) is the partition function truncated at the first excited level of Eu^"*^ (-£^=1 
-Ej^o = 500 K). Neither (4) nor ( 6 ) gives a microscopic description of the ^-factor in 
EuIG. 

From (3), it follows that for Eu 3 FejOi 2 since MdO) = 3 xO-lSfig and M,j(0) 
-Afa(O) = 5 fig, vie have 

- 2{1 -[(^, -2)/(^, - 1 )]| X 075} ( 8 ) 

On comparing (4) with ( 8 ), we find that {Qj-2)1 {Qj - 1) varies as mc(T), Since gj is a 
complex function of the ground state and the first excited state of Eu^ this cannot be 
easily explained. 

The values of Qj for the composition EU;cY 3 _;cFe 4 .oGai.oOi 2 (0*2 < x < 1*2) are 
given in table 3. The dependence of on temperature for x = 0*6 has been compared 
with theory using (3) and is shown in figure 2. Here, gj = 0*77 and is taken as constant. 
The agreement is good. 

3.2 Sm substituted garnets 

The g^ff in Sm, Y 3 - , Fcs Ga^ O 12 (x = 0*4 and 0-46, y = 1 ) has been measured as a 
function of concentration of Sm and temperature. The g^ff in this system shows a very 
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Figure 2 . Variation of with temperature for Eu0.6Y2.4Fe4.0Ga1.0O12. 



weak but interesting temperature dependence in the range 230 to 370 K. Using (3) and 
Qj = Ip we obtain 

ffeff = ^Fe[l±a2/5)M,/(Ma-M,)] (9) 

where the + sign arises on account of the crossover temperature, which lies close 
to room temperature. In estimating M„ we take the Sm^+ moment to be 0-1 /x^ near 
Jco-1® cas® 1985) we obtain 

= 1-985[1+2-57 xlQ-^x (312-5-r)/r] ( 10 ) 

A comparison of the experiment with (10) is shown in figure 3. The agreement is good. 

3.3 Gd substituted garnets 

Polycrystalline samples of Gd* Y 3 _,Fe 5 0i2 (0 < x < 1-5) have been prepared and 
their have been measured at 300 K. The g^f^ is both independent of x as well as Jand 
has a constant value of 2 since Gd*"^ is an S-state ion. 
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3.4 Dy substituted garnets 

In Dy, Y 3 Fes Oi 2 the magnetic moment of the Dy^ ion is expected to be 10 at 
0 K. The observed value is 7-3 This indicates reasonable amount of orbital ang ular 
momentum quenching due to crystal field and exchange interactions. Due to the large 
value of the magnetic moment arising from the orbital angular momentum, Dy^"^ is a 
high relaxing ion. In this case g^ has to be calculated with emphasis more on damping. 
Using the three sublattice model (Rao 1983) as an extension of Kittel’s treatment (1959) 
based on the two sublattice we obtain 

tts = ViCl -MJ{Mi -Af,)]{l +(nT)^Vj^(Mj 

X [1 - {ydhcWcKMa -M.)]} {1 + -M^)^ 

x[l-(y,/y.)M,/(M,-M.)]^}-i (11) 

where n = (n„Af^ + nj^Mi)/(M„ + Mi) ( 12 a) 

T: = l/l^iMa-Mi)M,n'] ( 12 b) 

Here M; and yi (i = a, c, d) are the sublattice magnetizations and gyromagnetic ratios of 
the sublattice i, t is the relaxation time on the c sublattice and wy (ij = a, c, d) are the 
molecular field constants and 2, is the Landau Lifshitz damping parameter for the c 
sublattice, ny are related to Jy through the equation 

«y = (2zy (9j - 1)4)/( Njgtgjgj) (13) 

where Zy is the number of nearest neighbour j sublattice ions for an ion on the ith 
sublattice, Nj the number of ions per mole on the j th site and gt the g factor for the ion 
on the ith site. 

The values of g^^ for Dy,Y 3 -.jcFe 5 0 i 2 (0*3<x<2*l) have been taken on 
polycrystalline bulk samples at 300 K and are shown as a function of x in figure 4. The 
data is compared with theory using ( 11 ) and the values of May Me and M^ using the 
exchange constants are given in table 2. The value of t has been taken as 10” ^ ^ sec. The 
agreement of experiment with theory is good. 

In figure's is plotted the variation of g^^ with temperature for Dyo. 3 Y 2 . 7 Fe 5 O 12 
using (11) and the experimental data obtained by Rao (1983). Tlie agreement is 
satisfactory. 



Figure 4 . as a function of concentration of 
Dy^'^ ions in Dy^Yj-xPes Oj2. 
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Figure 5. Variation of with temperature in Dyo .3 Y 2.7 Fcs O 12 . 


4. Relaxation in rare earth iron garnents 

The line width in most rare earth iron garnets RE 3 Fe 5 0 i 2 often shows a low 
temperature peak lying in the range 30 to 250 K. Beyond this the fmr line width, AH, 
decreas'es with temperature till the Curie temperature is reached when AH begins to 
increase with increase in temperature. 

The existence of the low temperature peak is attributed to the presence of low lying 
excited states in the energy levels of the inequivalent rare earth ions in iron garnets. The 
energy levels of the two inequivalent sites obtained using specific heat data for Sm-, Tb-, 
Dy- and Ho-iron garnets have been obtained by Harris and Meyer (1962). 

The effect of the low lying excited state on magnetization has been discussed in great 
detail for EuIG by WoLF and Van Vleck (1960) and for YbIG by Teale and Tweedle 
(1968) and Clarke et al (1965). For YbIG the theory gives a fairly good description of 
the microscopic processes which are responsible for the low temperature peak. 

In figure 6 is shown the room temperature fmr line width as a function of n, the 
number of 4/electrons in re for RE 3 Fe 5 0 i 2 with n varying from 5 to 12. Since in 
Gds Fej O 12 the compensation point occurs at room temperature the data for n = 7 
has been taken at T = 200 K. For n ^ 4 the garnets are not formed on account of the 
large size of the rare earth ions and hence the data is not available. We discuss the origin 
of the low temperature peak in EU 3 Fe 5 O 12 in the next section. In other garnets the 
mechanism for the occurrence of this peak is similar and will not be discussed due to 
limitation of space. 
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Figure 6. Variation of room temperature fmr line-width with the number of 4/electrons in 
rE 3 Fes Oi 2 . Since for n = 7, the compensation point lies at room temperature, the data for 
GdIG is taken at 200 K. 


4.1 Low temperature peak in AH vs T curve for EuIG 

The complex behaviour of the dependence of the resonance line width, AH, on 
temperature for EU 3 F 5 O 12 has been generally explained using two different basic 
assumptions, the fast relaxation process (Tje < co“‘) and the slow relaxation process 
(t ~ CO" The former has been discussed by De Gennes et al (1959) and the latter by 
Galt (1954), Clogston (1955), Teale and Tweedle (1962), Van Vleck and Orbach (1963) 
and Hartmann-Boutron (1963). It has been concluded by LeCraw et al (19W) that the 
relaxation in EuIG can be described by the slow relaxation process. According to them 
the excited state J = 1 close to ground state J = 0, is assumed to be split mto two states 
by ficoii on account of exchange and crystal field effects. The energy separa^tion £1 
between J = 1 and J = 0 states is large and equal to 480 K while ficO|| is small and is 
of the order of 50 K. For this case assuming excitation of ions from J - 0 to J - 1 
states by iron lattice magnons resonant to £1 the line width given by LeCraw et al 

(1963) is 


expj—EilkgT) 


AH = -^(l>oiz 


(14) 


HereCis the atomic ratio ofEutoFei.e.3/5for EuIG,is the dimensionless constat 
arisingfromtheangulardependenceandvanishesforaUanglesonlyifthestateJ - lis 

unsplit by the crystal field and if, in addition, the exchange is isotropia 
In (14) the relaxation time t is temperature dependent and is given by 


T = Totanh(£i/2k^r) 


(15) 


If the relaxation is by the resonant magnon mode £, = 

relaxation between the J = 1 manifold, £, = tco, (Huber 1964). The possibihty of both 
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processes coexisting is large. In the two cases it has been shown that the peak in Alf can 
shift by 20 to 30 K (Rao 1985). 

A new phonon-magnon interaction mechanism which arises from a microscopic 
formulation of the exchange modulation by crystal field oscillations has been discussed 
by Sinha and LeCraw (1971). The processes considered involve two magnons, one of 
the acoustical mode and the other of the exchange (optical) mode and one phonon of 
the longitudinal optical mode. The expression for the line width has the right 
temperature and frequency dependence. 

None of the three miCTOSCopic processes explain the data on thin films in which Fe is 
partially replaced by Ga. We have observed the variation of AH and Aff|| in 
Hu, Y 3 _ , Fes - y Ga, Oi 2 thin films for (02 < x < 0-8, y = 1 -0) with temperature in the 
range 100 to 400 K. The films x = 02 to 06 show generally two peaks whose position 
depends on the composition. For x = 08, no peak exists. The data for x = 04 are 
shown in figure 7 for AH^. It has been proposed that since the exchange field is 
considerably weakened with Ga substitution, the exchange modulation of the excited 
state manifold (J* = 0, ±1) may be the dominant mechanism for relaxation. In that 
case 


AH = 


cncoi 

yksT 


<I>o)Tq tanh 


»Q>ex 

k,T 


exp(-£i/k^r) 

l+3exp(-£i/k,r) 


(16) 


with o)„ =a)„( 0 )mFe(r) 


(17) 


Here (Ue^(0) is the exchange frequency at 0 K and mf,(T) is the reduced magnetimtion 
of the iron sublattice i.e., mF,(r) = mj(T)-m„(T). In the present case ©„(0) 
= 2-4 k^/Ji, In that case (1.6) yields 


AJf = -m| 5 (r)tanh 


l- 2 m(r) 


exp(-480/r) 

H-3exp(-480/r) 


(18) 


A comparison of (18) with the experimental data on the Eu film with x = 04 is given 
in figure 7. The agreement is satisfactory. 

In conclusion it can be said that in EuIG and Eu based thin films there may exist more 
than one mechanism for relaxation which can account for the observed dependence of 
AH on CO and T. 



Figure 7. Variation of AH with temperature for Euo.* Y2-6 Fe4 o Gaj.o O12 film. 
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4.2 Three sublattice model for relaxation 

It is often convenient to describe the temperature dependence of AH in garnets on a 
phenomenological model first proposed by Kittel (1959) using a two sublattice 
structure and later extended by Rao (1983) to a three sublattice model. The expression 
for the three sublattice model is 

A If ^ cooTfiMcCMj -MJ 1 + {nxf[yc{Mi -M^) 

M, - M„ - M, 1 + - MJ] - M„) - y.M,] 

(19) 

Here mo = yeff^o other symbols are as described in (11). 

We have used the sublattices magnetization obtained for Dyo. 3 Y 2 . 7 Fe 5 0i2 by Aiyar 
(1982) to calculate the AH as a function of temperature using t = 10" sec in (19) and 
values of Jij given in table 2. The experimental data has been obtained from Rao (1983) 
and compared with theory in figure 8. The agreement is good. 

Rao (1983) has shown that this approach gives good fit with theory for 
Dyjc O 12 with x = 0*6, 0*9, 1-2, 1-5 and 1*8 also. 

4.3 Dependence of AH on composition and temperature 

The explicit dependence of A/f on the concentration of the rare earth ion in the 
c-sublattice in RE;jY 3 -;cFe 5 0 i 2 or re,Y a-^^Fes-yGayOi 2 thin films cannot be 



Figure 8 . Variation of AH with temperature in Dyo .3 Y 2.7 Fes O 12 . 
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obtained from (19). We have developed a relation between AH and x (Srivastava 1984) 
AH = A + Bx + Cx^ (20) 

where A, B, C are constants depending on temperature and are given by 
AH = UT/T:f + ri^[l-iT/T^Y] tanh(tico/k,T) 


X 


Nr expi-ncolk,T) 

Nol+exp(-no)/kgT) ' 


( 21 ) 


Here A = A, B, C and and are constants which can be determined from 
experiment. 

In figure 9 is plotted the variation of AH for 300 K as a function of the concen¬ 
tration of Eu ions in EUjcY 3 _jcFe 4 . 0 Ga 1 . 0 O 12 thin films. The theoretical curve is 
based on (20). In figure 10 is shown the temperature dependence of AH for 
Sm 0 . 4 Y 2 . 6 Fe 4 . 0 Ga 1 . 0 O 12 thin films. The theoretical curve is plotted using (21). 

.In figures (11) and (12) we have plotted the variation of AH with x in 
Dyx Ya-xFcs O 12 and Gdjc Ya-jcFes O 12 respectively and compared them with ( 20 ). 
The agreement is satisfactory. 


5. Effective line width 

The effective line width, AH^ff, outside the magnon maiiifold in REjc Ya.jcFej O 12 
should have a similar dependence on x as in ( 20 ) because in this region the dominant 
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Figure 10. Variation of AH with temperature for Smo * Yj.j Fe^.o Ga,.o On- 



Figure 11. AH as a function of x in Dy, Y 3 -, Fes Oit- 


relaxation arises from the scattering of the uniform precession made by the spin-orbit 
interaction. This is indeed found for Dy- and Gd-substituted iron garnets. In figure 13 
the experimental data is obtained using the technique developed by Srivastava et al 
(1980). The fit to (20) is satisfactory. 
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Figure 12. AH as a function of x in 
Gd^Ya-jcFejOii. 



Figure 13. Variation of AHgfl- in 
GdjjYs-^Fcs Oi 2 as a function of x. 


6. Relaxation and the low lying excited states 

It is now fairly clear that relaxation in rare earth iron garnets is intimately connected to 
the presence of low lying excited states. The maximum in AH at room temperature is 
obtained for HoIG and for this the ground has the highest value of J. Similarly Sm^ 
has the highest value of J amongst the lighter rare earth ions for which the RE3 Fes Oi 2 
garnet phase is possible. Our group is now attempting to obtain a quantitative 
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relationship between the relaxation frequency and the structure of the low lying state 
of the rare earth ions. 

7. Conclusion 

The complex phenomena of resonance and relaxation in rare earth iron garnets ha 
been reviewed with a view to establish correlation between the temperature fn 
quency dependence of the fmr line width and the ground state configuration of tl 
rare earth ion. A phenomenological approach to describe the dependence of line widt 
using three sublattice model has been shown to give good agreement for Dy substitute 
YIG garnet. Another attempt to explain the relaxation on the basis of coexistence c 
two channels of relaxation, one a collective mode and the other an independent spi 
mode, gives good agreement for thin films as well as bulk polycrystalline samples c 
mixed garnets. 

% 
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Magnetic, Mossbauer and electrical properties of Ti-substituted 

Nio.3Zno.7Fe204. 
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Abstract. The effect of addition of Ti^^ in small amounts (1/2, 1, 2, 5,10% by wei^t of 
Ti02) under oxidising conditions on magnetisation, Mossbauer spectra and resistivity of 
Nio. 3 Zno. 7 Fe 204 is studied. Analysis of the ma^etic data on the basis of 3 sublattice Yafet- 
Kittel model gives the transfer rate of Fe^"^ ions between the A and B sublattices, the 
distribution of Ti^"^ and vacancies between them and the five exchange constants of Ni-Zn 
ferrite. The observed Mossbauer spectra at room temperature are quadrupole doublets and 
those at liquid nitrogen temperature are magnetic sextets with large relaj^fion eff^ts. The 
resistivity shows an increase by about two orders of magnitude due to Ti'^'^ addition. 


1. Introduction 

The aim of the present work has been to study the effect of addition of Ti^"^ in small 
amounts on the magnetisation, Mossbauer and resistivity of Ni-Zn ferrite when the 
introduction of Ti'^'" is made under oxidising atmosphere, resulting in the creation of 
vacancies. The concentration of zinc (x = 0-7) in Nii-xZnxFe 204 was chosen in the 
range x > 05 as this range is physically more interesting due to presence of canting in 
the B-sublattice (Satya Murthy et al 1969). The saturation magnetisation showed a 
variation with Ti* * concentration with a minimum at 1 %. The results were ^alysed on 
the basis of a three sublattice Yafet-Kittel model, leading to information on the 
distribution of Ti^"^ and Fe^"^ in the sublattices and the values of the five exchange 

The motivation of the present work is to look into the effect of locahsed cha^e 
modifications in ferrites on the Fe^ -" transfer between A and B sites and on the BB 
interaction. Ti*" is chosen as the agent of this modification since its nwgnetic moment 
is zero in its free ionic state and its valency is different from ^ 
system. Ni-Zn ferrite of general composition Nii-xZnxFe 204 (x-0-0 to 10) to 
been extensively studied (Boxer et al 1965), specially with respect to the properues 
related to the magnetic structure. NormaUy Ni^" occupies the octahedral ^ position 
Zn^^ occupies the tetrahedral (A) position and Fe is distnbuted^ between the 
tetrahedral and octahedral sites. For increasing Zn concentration the Fe ions at the 
site decrease while Fe^+ at the B site increase, causing the total magnetic moment to 
increase. However, for x > 0-5 the BB interaction becomes stronger and a nonco hnear 
Yafet-Kittel type magnetic ordering sets in the B-sublattice. The Yafet-Kitte ang es are 
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found to increase with increasing Zn^ concentration, resulting in a decrease of the net 
moment. 

If one starts with the Ni-Zn ferrite of a given concentration (Nio. 3 Zno. 7 Fe 204 for our 
case) and introduces a nonmagnetic ion of higher valency (e.g. Ti'^'^), the requirement of 
charge balance will initiate Fe^'^ transfer through two different kinds of processes 
depending on the oxygen atmosphere. The replacement mechanism in the reducing 
atmosphere will be 

2Fe^^ ^Ti^^+Fe^^; 

since Fe^ ^ cannot be reduced to Fe^ , the charge balance requirement of Ti"^ amongst 
di- and trivalent cations will generate vacancies at both A and B sites, if the Ni: Zn: Fe 
contents are kept constant during the preparation. 

The representative work which was done earlier was that in Mn-Zn ferrite where 
2 Fe^'^ are replaced by Ti"^"^ +Fe^'*‘ ions in octahedral sites (Stijntjes et al 1970). In 
Ni-ferrite the partial substitution of Fe^"^ by Ti'*’'^ is possible in tetrahedral positions 
and in NiZno. 5 FeTio. 5 O 4 the possibility of Ti"*^"^ replacing Fe^ ions is greater in B sites 
(Gorter 1954). The effect of Ti^'*' substitution in Fe 304 is studied by Bongers et al 
(1968), concluding that there is no characteristic site preference for Ti"^*^. Theories of 
Dunitz and Orgel (1957) and McClure (1957) which are based on crystal field theories 
using pure ionic type bonding and the theory of Blasse (1964) who assumed the bonds 
between the metal ion and the oxygen ion to be covalent, are not properly usable in our 
case since Ti'*^'^ does not have a d-electron. So the Ti'^‘‘‘ occupancy for the present 
system was determined from the present data without any bias derived from any 
previous theoretical work. The analysis yielded also the Yafet-Kittel angles at different 
Ti^"^ concentrations. 


h Preparation of samples 

Analytical reagent grade Fe 203 , ZnO, NiC 03 • 2Ni(OH)2 * 4 H 2 O and laboratory 
eagent grade Ti02 powders were used. A large quantity of the properly mixed powder 
or the base composition corresponding to the product (Nio. 3 Zno. 7 Fe 204 ) was first 
)repared. Two inch diameter pellets of this composition were calcined at 650®C for 1-5 
lours, then dry mixed for 2*5 hours in a high alumina porcelain pot. They were 
»elletized again and ferritized at 900®C for 5 hours. Ti02 was added to the ferritized 
aaterial on the basis of weight percentages and different batches were subjected to wet 
rinding for about 33 hours and the slurries dried in the oven. The dried powder was 
fixed with polyvinyl alcohol and moisture and was pressed into 1-29 cm diameter 
ellets. Sintering was done in a furnace at 1250°C for 20 hours by covering the material 
) be sintered completely with packing powder and maintaining proper oxygen 
ressure to prevent expulsion of zinc. The packing material had the same zinc content 
5 the sample, which provided suffcient oxygen pressure for the reaction to take place 
nder oxidizing atmosphere, leading to creation of vacancies when Ti^”*" enters the 
astern (Ni: Zn: Fe contents being kept constant). 

X-ray data on ferritized material were compared with the available astm data on 
io-5Zno.5Fe204 (astm powder diffraction file no. 8-234). With the exception of two 
les at d-spacings 1-41 A and 117 A, all the lines of the astm file were at least partially 
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developed at 9(X)°C and fully at 1250°C. Hence ferritization was almost complete at 
900°C and definitely at 1250°C. 


3. Experimental 

The high temperature magnetisation measurements were done on a model 150A 
vibrating sample magnetometer with a model 151 high temperature oven attachment, 
supplied by M/s Princeton Applied Research Corporation, usa. The measurements of 
magnetisation between liquid nitrogen and room temperature were made on a 
Sucksmith ring balance. 

The Mossbauer spectra were recorded with a constant acceleration spectrometer 
(Encardiorite, India) and a Nuclear Data (usa) nd-60 m'ulti-channel analyser. ^"^Co 
embedded in an Rh matrix source supplied by Radio-chemical Centre, Harwell was 
used. Approximately 30 mg/cm^ of properly powdered material was used both at room 
temperature and at liquid nitrogen temperature. Calibration of the spectra was done 
with natural iron and some times with enriched iron standard sample. 

The resistivity from room temperature upto 250°C was measured by the four pin 
method. The temperature of the sample was varied by placing the probe assembly 
in a small oven. The saniples used were thin rectangular platelets of dimension 
4 mm X 9 mm x 0*5 mm. A non-conducting boundary is produced by keeping the 
sample in contact with mica-sheet. 

3.1 Magnetisation measurements 

We found that at 6 kilo Gauss field the samples are completely saturated and around 
this field the slow rise of magnetisation is due to the field dependence of intrinsic 
magnetisation. 

Saturation magnetisation was obtained by the extrapolation of the magnetisation vs 
temperature curve (figure 1) through liquid nitrogen temperature to O'^K. The closed 
circles in figure 2 show magnetic moment per formula unit in Bohr magnetons at 
different Ti^"^ concentrations. A brief report of these results were presented at the 27 
Annual mmm Conference at Atlanta, usa, in 1981 (Khan et al 1982). 

These results were analyzed by using the three sublattice Yafet-Kittel type model of 
Satya Murthy et al (1969) in which the magnetic moments in the sublattices and B 2 
are oriented at an angle ( 7 c-<^) in opposite directions with respect to the moments in the 
A-sublattice (appendix). 

Figure 2 compares the experimental and calculated magnetic moments. This analysis 
suggests that all Ti^'*’ is going to the A site accompanied by half its number of vacancies 
for 1 /2 to 1 %, and starts entering B sites beyond that. The Fe^ transfer is always from 
AtoB sites. The transfer increases from 1/2 through 2 % samples and then decreases 
and reaches approximately a steady state at 5 and 10% systems. The detailed cation 
distributions are given in table 1. 

As is seen from figure 2, this analysis does not exactly account for the sudden steep 
fall of the moment at 1 /2 % Ti 02 addition but produces the overall characteristic shape 
of the moment variation curve. Similar variation of moment has been observed for 
other systems, i.e. Sn^"^ and addition in Nio. 3 Zno. 7 Fe 204 . under oxidizing 
conditions but these data are available only at room temperature (Das et al 1985). The 
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Figure 1. Variation of saturation magnetization with temperature for 1 % TiOi addition to 
Nio. 32 ^. 7 Fe 204 . (by Sucksmith ring balance). 


lack of sufficient data on similar vacancy introduced systems like ours restricts us from 
assigning any special naagnetk behaviour to vacancies and Ti^^ ions. The only thing 
that can be stated with confidence is that the sudden fall in moment for all smaU 
percentages of these a^dves is too large to be accounted for completely by the 
molecular field theory in any simple manner. 

A very important outcome of the pr^nt analysis is that it results in the 
etermmation of the constants for all the microscop^ exchange interactions of the 
^ste^ results are compared with those of Srivastava et al (1979) in table 2. 
Considenng the fact that the results in the two cases were deduced from different kinds 
o iwasuremcnts on different systems, tire agreement could be considered quite 


3.2 Mossbauer measurements 

IS-.Zn^FciO* has been extensively studied (GoWanskii 
Satya Murthy et al 1969; Dmiiels and Rosencwaig 1970; Raj and 
Kubhresta 1971; I^g et al 1973). Darnels and Rosencwaig (1970) found that at room 
temperature the Mossbauer spectra of Nii.^Zn^FeaO* series (from x = 0-00 to 0-40) 
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Figure 2. Variation of magnetic moment with addition of Ti in Nio. 3 Zno. 7 Fe 204 . 


Table 1, Ionic distribution for different Ti02 concentrations in Nio. 3 Zno. 7 Fe 204 



TiOi addition 
in weight 
percent 

Molecular formula unit 

( ) A sublattice, B sublattice, vacancies 


1/2 

(Zno. 695 Feo. 283 Tio.oi 5 l^o-oo?) 

[Nio.298FCi.702]04 


1 

(Zno. 689 Feo. 266 Tio .030 Do-oi 5 ) 

[Nio.295Fei.705]04 


2 

(Zno. 679 Feo. 239 Tio .054 Do.027) 

[Nio.29iFei.7oiTio.oo5 Do.oo3]04 


5 

(ZaO'649Feo.263Tio.0S8 Do 029) 

[Nio.278Fei.59oTio o88 Do 044]04 


10 

(Zno.6ooFeo.243Tio. 105 D 0 . 052 ) 

[Nio. 257 Fe 1 . 472 Tio.i 8 O Do 09o]04 


Tabla 2. exchange constants of Ni-Zn-ferrite 



^ Fe^/-Fer 


Fej'^-FeJ^ References 

-230 

-274 

-23-3 

-30-7 

+22-0 -4-2 

+30-0 -2-7 

-6*7 Present work 

- 54 Srivastava 

et al (1979) 


exhibit a well-defined spectrum consisting of two separate six-line Zeeman pattei 
due to Fc^ ions at A and B sites. For x = 062 the spectrum is a relaxed one whereas 
X ^ 070 the spectra are very similar to paramagnetic spectrum with an inte 
octahedral doublet and a weak tetrahedral singlet. The zero quadrupole shift of 
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magnetic spectra is accounted for by the chemical disorder introduced by the presence 
of vacancies and non-magnetic ions distributed around Fe^^ ions at the B site. 

Raj and Kulshrestha (1971) studied Nii -,Zn,Fe 204 series for x = 05 and x = 075 
at different temperatures and attempted an explanation of the observed relaxed 
magnetic spectrum by assuming the existence of collective spin flipping as in the case of 
superparamagnetic relaxation. However, later neutron diffraction (Bongers et al 1968), 
Mdssbauer (Daniels and Rosencwaig 1970; Leung et al 1973) and fmr studies 
(Srivastava and Patni 1970) discarded the hypothesis of the existence of paramagnetic 
clusters. 

Srivastava et al (1976) showed that in the Zn^^Fes-xO^ system (for x:>02), 
Mossbauer spectra have distinct relaxation effects as do Ni-Zn ferrite. They interpreted 
the relaxation effects in the line shape as being due to domain wall displacements. 

Since our spectra also reveal extensive relaxation effects, we briefly discuss the cause 
and effects of relaxation before presenting our results. 

3.3 Relaxation effects 

The environment of the Mossbauer nucleus may rapidly change due to (i) time- 
dependent magnetic interaction arising out of electronic spin-spin or spin-lattice 
relaxation, (ii) randomly changing electric quadrupole interaction due to Jahn-Teller 
distortion and (iii) interstitial or vacancy diffusion in the vicinity of the nucleus. The line 
shapes may be quite unusual because of the fluctuating Hamiltonian. 

Let the fluctuating magnetic field jump at random between two values -f H and — H 
along the Z-axis and also a symmetric electric field gradient exist along the Z 
direction. The Mossbauer spectrum displays full Zeeman splitting with slight line 
broadening when the jump rate is very slow (Blume and Tjon 1968). In this case the 
photon from the excited nucleus in the magnetic field is emitted before the nucleus sees 
the changed magnetic field — H. Again, when the jump rate is very rapid, the nuclear 
spin can scarcely precess before it finds that the ionic spin has made a transition and it is 
in a field — H, The limiting time averaged field ff = 0. The Mossbauer spectrum will be 
a singlet or a doublet. For intermediate jump rates, it has been shown (Blume and Tjon 
1968) that the spectrum collapses when the transition probability between the states 
■f H and —H are 

W = (goniQ - ginti) H ( 1 ) 

where g and m are the Lande’s splitting factor and the magnetic quantum number of the 
nuclear state, and 0 and 1 represent the ground and the excited state respectively. This 
condition is satisfied for different values of W^for each pair of lines in the sextet. The 
inner pair will collapse into their center of gravity for values of W smaller than the outer 
pair. Hence as the jump rate increases, the inner pair first start converging and 
eventually the outer pair. Thus considerable variety of behaviour can be seen as the 
jump rate increases. 


4. Results and discnssion 

Here we report the Mossbauer studies made on polycrystalline Nio. 3 Zno. 7 Fe 204 and 
with Ti 02 addition samples at room temperature and at liquid nitrogen temperature. 
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Figures 3 to 5 give the observed Mossbauer spectra. The Mossbauer spectrum for 
pure Nio. 3 Zno. 7 Fe 204 at room temperature is a relaxed magnetic six peak Zeeman 
pattern with large line widths. This is due to the fact that the Zeeman pattern for Fe^ 
at A and B sites have overlapped because of the relaxation effect. This relaxation is not 
due to critical fluctuation near Tc as 7^ is about 160°C higher than room temperature. 
As soon as Ti"^"^ ions go into the system (under the oxidising conditions resulting in 
creation of vacancies), the Mossbauer spectrum at room temperature becomes a 
paramagnetic spectrum giving only quadrupole splitting. Attempts were made to fit the 
data with a doublet for the B site and a singlet for the A site. But the singlet intensity 
appears to be negligibly small compared to that of the doublet. This led us to conclude 
that the A site environment has also developed a distortion causing a non-cubic 
symmetry. Also we note that the TcS of the samples with different concentrations are 
about 90°C lower than the zero concentration sample. Hence the room temperature 
data are closer to the giving a reason why the magnetic peaks should weaken. 
However, the fact that it completely disappears leads to the conclusion that the 
relaxation frequency is much larger than the Zeeman frequency. 

Figures 6 and 7 give the Mossbauer spectra obtained at liquid nitrogen temperature. 
For a pure Nio. 3 Zno. 7 Fe 204 sample the relaxation effect has decreased at this 
temperature as all peaks are of practically the same height with the inner two peaks 
slightly larger than the other. Still the relaxation effects are large and there is an 
asymmetry in the width of the peaks; the peaks on one side of the centre are narrower 
than the peaks on the other side. 

For a Nio. 3 Zno. 7 Fe 204 sample with 1/2 Ti02 added the Mossbauer spectra is a 
typical relaxed spectra where the inner peaks are of larger intensity than the outer 
peaks. Here again the inner peaks show some asymmetry. 

In the Mossbauer spectrum of Nio. 3 Zno. 7 Fe 204 sample with 1 % Ti02 added, the 
relaxation has become more intense resulting in the growth of the inner peaks and 
decrease of outer p^ks. Because of broadening or due to some other relaxation effect 
the inner two peaks have merged into one. In the Mossbauer spectrum of 
Nio. 3 Zno. 7 Fe 204 with 2 % Ti 02 added the effect of the relaxation phenomenon is less 
but instead of the presence of an inner doublet a combination of three peaks is 
observed. A singlet line is superimposed on the inner doublet. In Nio. 3 Zno. 7 Fe 204 with 
5 % Ti02 added, the relaxation spectrum shows only 5 peaks because the peaks have 
broadened to a large extent resulting in a single inner peak instead of inner doublet. 
When 10% Ti02 is added the spectrum shows a relaxed six peak pattern in which the 
inner pe^s are observed to be of narrower width than the outer ones. 

A possible interpretation of the relaxed room temperature doublet may be sought in 
the domain wall theory of Srivastava et al (1976). However, Srivastava considers this 
effect as a comparatively smaller effect superimposed on the regular magnetic splitting. 
Since our experiments do not provide any information on the nature of the domain 
structure of our system, it was not possible to draw any conclusion about the nature of 
relaxation in our samples except that they are closer to the extreme case where the 
relaxation frequency is much larger than the Zeeman frequency. 

The liquid nitrogen spectra clearly show that they fall in a region where neither of the 
extremities of the relaxation theory mentioned in the previous section is valid. 
However, certain important experimental results can be derived from our data. They 
are presented in tables 3 and 4. 

Table 3 gives the Mossbauer hyperfine parameters measured at room temperature. 
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FignreS. Room temperature Mossbauer spectra ofNio.3Zno.7Fe20* with 0 and l/2%Ti02 
addition. 
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igure 5. Room temperature Mossbauer spectra of Nio, 3 Zno. 7 Fe 204 with 5 and 10% addition. 
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Figure 6. Mossbauer spectra of Nio. 3 Zno. 7 Fe 204 withO, 1/2 and 1 % Ti02 addition at 77°K. 


The isomer shift observed for the series is the order of O'S + 0*05 mm/sec. The pure 
Nio. 3 Zno. 7 Fe 204 sample which exhibits relaxed magnetic spectra gives almost zero 
quadrupolfi splitting; whereas in all other samples which exhibit paramagnetic spectra 
due to extreme relaxation the quadrupole splitting is of the order of 0-5 ± 002 mm/sec. 
Table 4 gives the hyperfine parameters at liquid nitrogen temperature. All observed 






- Zero velocity channel=135 
Velocity per channel =-094±*002mm/ 



spectra are Zeeman-split with various degrees of relaxation mechanism present. The 
average isomer shift is approximately 05 ± 005 mm/sec. Quadrupole splitting 
apparently decreases and the values of observed lie between 370 and 460 KOe. 


Properties of Ti-substituted Nio^iZno.TpeiO^ 


265 


Table 3. Mossbauer hyperfine parameters Nio.jZno.TpejO* with TiOi added at room 
temperature (300°K) 


Weight 
percent 
of Ti 02 
addition 

Nature of 

observed 

spectrum 

Isomer 

shift 

mm/sec 

Quadrupole 

splitting 

(A£) 

mm/sec 

KOe 

0 

Zeeman splitting (relaxed) 

0*45 ±005 

O15±O10 

380 ±20 

1/2 

Quadrupole split 2 peak spectra 

038 ±003 

052 ±002 

— 

1 

-do- 

035 ±002 

049 ±002 

— 

2 

-do- 

0-26 ±004 

037 ±005 

— 

5 

-do- 

0*33 ±001 

051 ±002 

— 

10 

-do- 

024 ±005 

0-36 ±005 

— 


Table 4. Mossbauer hyperfine parameters for Nio. 3 Zno. 7 Fe 204 with Ti02 addition at 77°K 


Ti02 

addition 

Weight 

percent 

Nature of 
observed 
spectrum 

Isomer 

shift 

mm/sec 

Quadrupole 

splitting 

(A£) 

mm/sec 

Heir 

KOe 

0 

Zeeman split (relaxed) 

0-50 ±006 

050 ±020 

460 ±20 

1/2 

-do- 

040 ±005 

030 ±010 

390 ±20 

1 

-do- 

060±010 

012 ±030 

300 ±25 

2 

-do- 

0-50 ±007 

O13±O10 

450 ±25 

5 

-do- 

070 ±020 

020 ±040 

370 ±50 

10 

-do- 

— 

O13±O10 

410 ±25 


The larger isomer shift observed at liquid nitrogen temperature is due to temperature 
difference between the source which is kept at room temperature and the absorber 
which is at liquid nitrogen temperature. 

The values of isomer shift suggest that only Fe^ ions are present in our samples and 
Fe^*^ ions are not generated due to the addition of Ti 02 under oxidising atmosphere. 
The isomer shift observed for Fe^"^ ions in ferrous oxide is 1*15 mm/sec, whereas our 
values are much smaller (0*5 mm/sec.) which is more representative of Fe^ ions (e.g. 
047 for ferric oxide) (Kistner and Sunyar 1960). 

We would like to comment that our interpretation in terms of relaxation are only 
qualitatively correct. There is no theory available for the relaxation in systems with 
vacancies. For a complete interpretation of our data an independent theoretical work in 
this direction is in order. 


5. Resistivity measurements 

Van Uitert (1955) studied the resistivity of Ni-Zn ferrite with slightly non- 
stoichiometric composition. He showed that a very little deficiency or excess of iron 
ions change the resistivity from a typically high value (10^®£l-cm) to a very low value 
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(a few hundred fi-cm). Baszynski (1969) found that the magnetic ordering in Ni-Zn 
ferrite lowers the generation of carriers whereas the mobility remains constant. Hence, 
activation energy obtained from the slope of the logarithm of resistivity vs. inverse 
temperature curve is higher in the ferrimagnetic region than in the paramagnetic region. 
Murthy and Sobnadri 0977) confirmed this and suggested that change in slope may be 
linked with magnetic ordering or may be due to a change in the conductivity 
mechanism. 

The predominant conduction in Ni-Zn ferrite is due to the presence of Ni in 
octahedral sites which favors a conduction mechanism 

Ni^-' -f Fe^-' -hFe^-" (2) 

again, the cation vacancies, if present, form the combination vacancy — Fe^ which act 
as a p-type acceptor and increase the resistivity. Stijntjes et al (1971) substituted 2Fe^ ^ 
ions by Ti^ + Fe^ in a reducing atmosphere and found resistivity increase caused by 
the localization of Fe^'^ ions near Ti^"^ ions. Brabers (1976) found that the resistivity 
increases in Ti"^"^ substituted Mn and Zn ferrites due to (i) the formation of 
Fe^'*' — Ti^'^ pairs lowering the site energy by about 003 eV and thus decreasing the 
electron mobility and (ii) the increased scattering of the electrons at higher Ti^"^ 
concentrations. 

For the present system, where Ti"^"^ is introduced under oxidizing atmosphere, the 
relative decrease of Ni^'*' and Fe^"^ will inhibit the mechanism given in (2) and thus 
increase the resistivity. Again, the process (ii) described in the last paragraph will still 
play a major role in the increase of resistivity. 


6. Discussion 

Table 5 shows the resistivity of the samples measured at room temperature. 
Nio-sZno.TFejO^ shows a resistivity of about 400 ohms-cm. As soon as Ti^'^ is added in 
the system, resistivity goes up by at least two orders of magnitude. For 1/2% Ti02 
addition the sample showed a resistivity as 6 x 10"*^ ohms-cm at room temperature. 
Then for higher Ti02 addition the resistivity changes between 10^ ohms-cm to 10^ 
ohms-cm. The variation of resistivity with Ti02 addition is not very regular. For 2% 
Ti 02 addition it shows the maximum resistivity of 0*8 x 10^ ohms-cm. 


T able 5. Measurement of resistivity at room temperature with different percentages of added 
Ti02 


Weight percentage of 
Ti 02 addition 

Resistivity* 

(ohms-cm) 

0 

0-39x10^ 

1/2 

60-3 X 10^ 

1 

36-3x10^ 

2 

850x10’ 

5 

63-6x10’ 

10 

12-7x10’ 


♦Error in measurement ± 1 %. 
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Table 6 shows the temperature {T^ at which change of slope is observed in log p vs. 
1 /Tcurve. For 0 and 1/2 % of Ti02 added Nio. 3 Zno. 7 Fe 204 samples, this temperature 
Ta is below the ferromagnetic transition temperature while for 1 % and higher Ti 02 
addition Ta is observed to be above ferromagnetic transition temperature Tinsley 
(1980) has shown that this problem has still not reached a stage of clarification. He 
observed that Ta is lower than Tc for FeaO^ and Ni substituted FesO^, while for Zn 
substituted Fe 304 , Ta and Tc are practically the same. We add to such observations by 
reporting Ta and Tc for Ti 02 substituted Nio. 3 Zno. 7 Fe 204 series. 

Table 7 gives the observed activation energies below and above the transition 
temperature Ta for samples with different amounts of added Ti02. The average 
increase in activation energy is approximately 0*04 eV when the system becomes 
magnetically disordered. As soon as Ti"*”^ is added the activation energy increases. This 
increase is of the order of 0*05 eV except for one sample i.e. the one with 2 % Ti02 
addition where it is approximately 0*1 eV. 


7. Conclusion 

A detailed theory of the Mossbauer relaxation spectra is outside the scope of the 
present work. But the work prepares the experimental background for an independent 


Table 6. Temperature at which kink is observed in logp vs l/T with different weight 
percentages of Ti 02 addition to NiooZno-TFczO^ 


Weight percentage 
of Ti 02 addition 

Temperature 
in X 

Ferromagnetic 
transition 
temperature in 

0 

150 

196 

1/2 

97 

104 

1 

144 

81 

2 

135 

113 

5 

122 

101 

10 

112 

77 


Table 7. Energy gaps (A£) observed below and above resistivity kink temp)erature Ta for 
different percentages of Ti 02 addition to Nio^Zno. 7^6204 


Weight percentage 
of Ti 02 addition 


0 

1/2 

1 

2 

5 

10 


A£i A£2 

(eV) (eV) 


0-21 0*17 

0-25 0*22 

0*25 0*23 

0-31 026 

0-28 . 025 

0-24 021 
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theoretical work on Mossbauer relaxation phenomena for a complex system with 
vacancies. Finally we may state that further experiments with similar dopants (e.g. 

Nb^'^ etc.) in the entire composition range (x = 0*0 to 1*0) of 
Nii-,ZnxFe 204 is called for. The magnetization measurements, especially at low 
temperature, would improve our understanding of the vacancy distribution and the 
associated magnetic structure. The Mossbauer and the resistivity experiments would 
generate insight into the microscopic mechanisms essential for developing the 
appropriate generalised theories for Mossbauer relaxation and resistivity. 
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Appendix 

The magnetic moments in the sublattices Bi and B 2 are oriented at an angle (7r-(^) in 
opposite directions with respect to the moments in the A sublattice. The canting angle is 
given by 

M = MbCos 0 —(Al) 

where M is the total magnetization, M/is the magnetic moment of the A sublattice and 
Mq ( = 2Maj = 2M is the total magnetic moment of the B sublattice. 

The effective fields acting on various ions are given by: 


■Hx(Fe) ■ 


a a 


■/Im^(Fe) 



a y E y e 


(Ni) 

H„(Fe) 

= 

p £ 5 e S 


Bg/ngiiFe) 

W3z(Ni) 


CL y E y B 

1 

1 

B/^>ng2(^i) 

.W«(Fe). 


^P £ S e S _ 


.BfmBj(Fe) _ 


where H^(Fe) is the effective molecular field acting on the Fe^ ion at the A site due to 
all other ions etc. A, Bj^, are the concentrations of Fe^ Ni^ ^ and Fe^ ions onA,Bi 
or B 2 and Bi or B 2 sublattices respectively. The molecular field coefficients a, P etc. 
represent the interactions A(Fe^'^)-Bi(Fe^'*‘) etc. Also, 

mi(Fe)=5/XB, i = A, BI, B2 

my(Ni)= 2'3}Xg, ;= BI, B2 

=-|Wb/| |m^|cos0Y^, Bi = Bi,B2 

I^Bil |ms2|cos2(^>YK- (A3) 

Minimizing the total magnetic interaction energy for the canting model the expression 
for Yafet-Kittel angle comes out to be 


. 23'OoLAB^+50‘OpABp 

cos ©VK = -^- - - - - - - 

2hl6yBl+96<}eBf,Bf+ 100*0(5B| 


(A4) 



Properties of Ti-substituted iVio.32^0.7^^204 


269 


The authors started with the exchange constant J values reported by Srivastava et al 
(1979) for the collinear region of Nii -;cZnxFe 204 and converted them to the molecular 
field constants using the relations 

^A-B ~ A-B^I^^bQa^bI^b) (-^ 5 ) 

where is the number of nearest neighbours of the B kind sorrounding the A kind, 
Ngis the number of B type ions per formula unit, and ^^are the gyromagnetic ratios 
of the A and B ions respectively. These parameters were adjusted with the help of a 
computer program using (A4) to match with the reported angle (Satya Murthy et al 
1969) for Nio.25Zno.75Fe204 and the angle for Nio. 3 Zno. 7 Fe 204 obtained from our 
saturation moment data and (Al). 

Using these parameters a computer program was written to adjust the transfer of iron 
from A:^B sites due to introduction of Ti"^"^; this transfer is characterized by x'. 

For a simplified description of the transfer process we break it up into three 
intermediate virtual processes: 

(i) The addition of oxygen belonging to Ti02 and the presence of Ti"^"^ with its charge 
conservation requirement generates ‘vacancies’ and D^as follows: 


(Zno.7Feo.3)[Nio-3F6i.7]04 + xTi02 ^ 
(Zno-7Feo.3)(^) [Nio-i5Feo.85]2(j#K-) 


It is to be noted that the number of sites is equal to the number of Ti^'^ ions 
introduced and that of sites is half the number of Ti'*’'^ ions. Ti"^ ^ are treated as non¬ 
magnetic ions and it is assumed that in slowly annealed samples, the Ni^ ions remain in 
the octahedral sites and Zn^ in tetrahedral sites. 

(ii) We stipulate that the transfer of Fe^'^ has to be only to a Vacant’ site. For a given 
sample we try to generate its experimental magnetic moment by a suitable number of 
transfers m{A -> 5) or — m(B -> A), Writing m as a fraction 


m = x'(^n J = x'(^n,)/2 = x'{Nr,^.)/2 

(H-x')^n^ (A7) 



-1 ^ x' ^ 2 


(iii) Now, 

= ^ 0 ^+ "Db = ^D'^+ 
where iV^j 4 + is the number of Ti"^"^ ions. 

Though as of now we have assumed the presence of Ti^'*' ions we have not located 
them. We now put them in the Vacancies’ which would finally leave true vacancies equal 
to half the total number of Ti"^ ions, i.e. We now stipulate that this Ti"^ and the 
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true vacancy ratio is true not only for the entire crystal, but any of its subunits,pleading to 
a homogeneous Ti'^ ^ and true vacancy distribution. Hence the number of Ti at .4 sites 
equal to f ^D'^and the corresponding true vacancies arei'^D^; similarly for the B sites. 

So, finally, for a transfer represented by x' the formula can be written as 

(2:no.7(^) F'eo.3{(^)-f 

r Nio .3 (F® 1.7 {)} 

L ^ (A 8 ) 

where x is the mole fraction of Ti'^'*' added. 

For each value of x\ the (A 8 ) gives us the following: (i) Mg , (ii) , (iii) A, , Bp of 
(A4) and hence 0 yk so, from (Al) (iv) the total magnetic moment M. The computer 
program iterates x' for the x values of the six samples and compares the results with the 
experimental magnetic moments till the agreement is reached. The entire process is 
repeated with the variations of the molecular parameters till we reach the best fit with 
the magnetic moment data. 
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Effect of high pressure on chalcogenide glasses* 

G PARTHASARATHY and E S R GOPAL 

Instrumentation and Services Unit, Indian Institute of Science, Bangalore 560012, India. 

Abstract. The effect of high pressures on the various properties of the chalcogenide glasses is 
reviewed. The properties discussed include the mech^i^, electrical, optical and magnetic 
properties. The phenomena of the crystallization of the chalcogenide glasses under high 
pressure is also discussed. 

Keywords. Glasses; high pressure effects; electrical transport; chalcogenide glasses. 


1. Introduction 

Chalcogenide glasses have attracted much attention of physicists and chemists after the 
discovery of the non-destructive fast electrical switching in the multi-component 
chalcogenide glasses by Ovshinsky (1968). Since then the usage of glassy semiconduc¬ 
tors has increased in various fields like photo-voltaic devices, xerography, optical and 
electrical memory devices etc (Gerluch and Groose 1979; Mott and Davis 1979; 
Borisova 1981; Hamakawa 1982). However, an understanding of various phenomena 
like the topology of the glasses, the glass-forming ability, crystallization of glasses, 
semiconductor-to-metal transitions, photostructural changes, etc is not complete even 
today (Balian et al 1979; Yonezawa 1980; Zallen 1983; Elliott 1984). 

In this paper an attempt is made to review the effect of high pressures on the various 
mechanical, electrical, optical and magnetic properties of the chalcogenide glasses. In 
the last section the effect of pressure on the crystallization of chalcogenide glasses is also 
discussed. 

Since the general field of high pressure techniques is well reviewed in many places, the 
topic is not discussed here. In any case the papers describing the high pressure 
behaviour often discuss the experimental procedures. 


2. Mechanical properties 

2.1 Volume compressibility and hulk modulus 

The volume compressibility as well as its pressure and tempera^jre dependence yield 
direct experimental information on changes in the interatomii* forces arising from 
changes in volume or interatomic spacings. Most of the compressibility data were 
obtained by measuring the sound velocities of the glasses as a function of pressure and 


* This article is dedicated to the memory of late Dr N S Satya Murthy who had been intimately associated 
directly and indirectly with the development of condensed matter physics in India. 
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temperature. The earliest study in this field is done by Bridgman (1925), on the silica 
rich glasses, where he found that the compressibility increases abnormally with 
pressure. He suggested that such an anomalous elastic behaviour is associated with the 
differences in the atomic arrangements between glass and crystal (Bridgman 1925). In 
the case of chalcogenide glasses, the chalcogen atoms play a crucial role, namely, the 
bonding forces between the chains and rings of the chalcogen atoms are mostly of the 
Van der Waals type (Von Hippel 1948; Vedam et al 1966). The application of 
hydrostatic pressure results in a denser packing of the chains. The volume compression 
being fairly large one must use the methods of finite deformation elasticity to analyse 
the data. One of the equations widely used is the Murnaghan equation of state 

V/Vo = l{KyKr)P+iy^^^'r , (1) 

where the bulk modulus K^is expected to increase linearly (to a first approximation) 
with pressure and the derivative K'j. is taken at zero pressure. The effect of pressure on 
the elastic properties of glassy selenium was measured by several authors (Bridgman 
1940a, b; Weir 1954; Graham and Chang 1965; Vedam et al 1966; Soga et al 1973; Singh 
and Kennedy 1974,1975; Litov and Anderson 1978). The zero pressure bulk modulus 
and its pressure derivative for glassy selenium are given in table 1. 

In the measurement of compressibility as a function of pressure, two major 
techniques are used. One is a static method, where the piston displacement versus 
pressure is recorded. The second technique is the ultrasonic method where the sound 
velocity is measured accurately as a function of pressure. The variation of bulk modulus 
and volume compression of amorphous selenium as a function of pressure is shown in 
figure 1. The pressure dependence of bulk modulus is explained on the basis of the 
interatomic potentials. In the case of glassy selenium the bonding forces between chains 
and rings are mostly of the Van der Waals type (Vedam et al 1966). It is likely that with 


Table 1. High pressure studies on the bulk modulus of amorphous Se 


Pressure 

(^r)o Kt range 

(GPa) Kt ((GPa)"^) (GPa) Technique Reference 


9-11 

— 

— 

9*14 

_ 

_ 

9-16 

8-5 

— 

9-29 

3-2 

— 

10-50 

3-6 

— 

6*78 

7-4 

_ 

9*02 ±0*4 

6-74+0-7 

-1086 ±0-7 

8-43 ±0-4 

7-40 ±0-5 

-l-214±0-5 

8-73 

7-07 

-1150 

9-10 

8-01 

_ 



Ultrasonic 

Graham 

and Chang (1965) 

— 

Ultrasonic 

Vedam et al (1966) 

0-0-5. 

Ultrasonic 

Soga et al (1973) 

0-5 

Static 

Bridgman 

(1940a) 

0-5 

Static 

Bridgman 

(1940b) 

0-1 

Static 

Weir (1954) 

0-5 

Static 

Singh and 

Kennedy (1975) 

0-5 

Static 

Singh and 

Kennedy (1975) 

0-5 

Static 

Singh and 

Kennedy (1974) 

0 -1-6 

Ultrasonic 

Litov and 

Anderson (1978) 
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Figure 1. Variation of bulk modulus and volume compression of amorphous selenium as 2 
function of pressure (after Litov and Anderson 1978). 


the increase of pressure the promotion of charge from the intra chain orbitals toward 
inter chain orbitals will increase the attractive interchain forces (Litov and Anderson 
1978). So the total energy will be lowered with the increase of pressure, which is 
responsible for destabilizing the structure, leading to a phase transformation which will 
be discussed in latter sections. Since the major effect of pressure is to decrease the inter 
chain distance, Litov and Anderson (1978) assumed that the total potential energy is 
simply a function of interchain distance rather than intrachain distance. They found 
that their data are in very good agreement with their theoretical interatomic potential, 
which consists of a Lennard-Jones term and an attractive term due to intrachain- 
interchain interaction. 

2.1a Ultrasonic velocity measurements: The ultrasonic technique is widely used to 
study the compressibility and its pressure dependence (Soga et al 1973; Litov and 
Anderson 1978). In the three-component glassy Te ^ 5 Ge 3 As 2 alloy, the effect of pressure 
on the ultrasonic velocity and the compressibility has been measured by Bailey and 
Thompson (1972). They measured the transit time of a short pulse of ultrasonic waves in 
a cylindrically shaped Tei 5 Ge 3 As 2 glassy sample and converted the measured transit 
time to sound speed. Their measurements show that upto 1-0 GPa, the sound velocity 
increases smoothly with the increase of pressure and the compressibility decreases 
smoothly with the increase of pressure. The volume change at 1-0 GPa is only 4-6 % in 
the case of glassy Tei 5 Ge 3 As 2 alloy (Bailey and Thompson 1972). Th6 value of the 
isothermal compressibility of Tei 5 Ge 3 As 2 glass varies from 5*66 x 10" cm^/dyne at 
10^ Pa of pressure to 3*86 x 10“^^ cm^dyne at 1-0 GPa, Similar studies on the 
pressure dependence of elastic properties of As 2 Se 3 glasses have been performed by 
Soga et al (1973) and Ota and Anderson (1977). The value of the isothermal 
compressibility of As 2 Se 3 glass is 14-2 GPa. The magnitude of the pressure coefficient 
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of compression of As 2 Se 3 glass reported by Soga et al (1973) is less than that of Weir’s 
data (Weir 1965). The pressure and temperature derivatives of bulk modulus at ambient 
condition for As 2 Se 3 glass appear to be normal: i.e., the pressure derivative is positive 
and the temperature derivative is negative (Soga ei al 1973; Ota and Anderson 1977). 

The next interesting and well-studied sample in the chalcogenide glasses is AS 2 S 3 . 
The comparison of the similar studies on Se, As 2 Se 3 and AS 2 S 3 glasses will give the 
information about the effect of dimensionality on the physical properties of the glasses, 
because Se has a one-dimensional chain-like structure and AS 2 S 3 and As 2 Se 3 possess a 
highly pronounced layer structure. The effect of pressure on the elastic properties of 
glassy AS 2 S 3 alloy has been observed by Gerlich et al (1979). They measured the elastic 
moduli from the velocity and the pressure dependence of longitudinal and shear 
ultrasonic waves. For the longitudinal waves a pulse-echo method and for the shear 
waves a superposition technique was used by them. The variation of elastic constants 
and O for glassy AS 2 S 3 is shown in figure 2. The bulk modulus was calculated from the 
relation 

where a = coeflBcient of expansion, y = the Gruneisen constant and T = the 
temperature. 

The variation of the bulk modulus of AS 2 S 3 and As 2 Se 3 glasses as a function of 
pressure is shown in figure 3. Both these two-dimensional chalcogenide glasses have a 
similar pressure effect. In both cases the chalcogen atom enters into a covalent bonding 
with a pair of its two nearest neighbours, using two of the six valence electrons, 
while the other four form two lone pair orbitals that protrude into the intermolecular 
regions. With the application of pressure the charge gets promoted from intralayer to 
the interlayer regions, which is confirmed by the optical studies by Ziallen et al (1971) 
under pressure. This will be discussed in a later section. It is observed that two of the 
intra layer modes decrease with increased pressure, whereas all the interlayer modes 
increase with pressure. The elastic properties of AS 2 S 3 and As 2 Se 3 glasses under high 
pressure are explained on the basis of the above microscopic picture (Gerlich et al 1979). 

The effect of pressure on the elastic properties of germanium based chalcogenide 
glasses, viz GQx{S, Se)i has been measur^ by Ota and Kungi (1977) and Ota et al 



Figure 2. Variation of elastic constants C' and C' 
for AS 2 S 3 glass as a function of pressure (after 
Gerlich et al 1979). 
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Figure 3. Pressure dependence of the bulk modulus of AS 2 S 3 and As 2 Se 3 glasses. 



Figure 4. Variation of the pressure derivatives of bulk modulus (and shear modulus 
(Gj) as a function of Ge content in GcxSeiglasses. 

(1978), by using ultrasonic interferometry. Figure 4 illustrates the variation of the 
pressure derivatives of the elastic moduli K'-j. and (bulk modulus Kj and shear 
modulus Gj.). Sound wave velocities (longitudinal wave velocity Cj and transverse wave 
velocity C,) and elastic moduli of the Ge^^Sei glasses, increased with Ge content and 
with pressure. The pressure derivatives K'^ and G'j are in the range Kj = 7-9 ± 0-3 and 
Gy = 2-2 ±0-3, which indicates that Ge,Sei_x glasses is elastically normal. The 
temperature dependence of the ultrasonic velocities of the Ge^Sei-, glasses also 
confirms the normal elastic behaviour of this system (Kartha et al 1981). 

Lambson et al (1984) have measured the elastic behaviour of Te02 glass under 
uniaxial and hydrostatic pressure. They found that the bulk modulus is consistent with 
a ring diameter averaging about 8 atoms (Te^O* rings) suggesting that the glass is a 
disordered version of paratellurite. The pressure derivatives of the second order elastic 
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constants are positive and the third order elastic constants are negative, which is in 
marked contrast to the anomalous behaviour of silica-based glasses. Lambson et al 
(1984) have also found the long wavelengths acoustic modes stiffen under hydrostatic 
pressure upto 0*14 GPa. 

2.2 P-V-T relations in glassy selenium 

The pressure-volume-temperature (pvt) properties of amorphous selenium were 
studied by Berg and Simha (1976) upto 200 MPa pressure in the temperature range 
0-70°C. This type of study, earlier common in fluid systems, is not popular in solids. 
The magnitude of the effort required is not commensurate with the results obtained. 


3. Electrical resistivity studies 


The primary effect of pressure is to decrease the interatomic distances, which affects the 
electronic structure. Among the electrical properties, the commonly measured quantity 
under high pressure is the electrical resistivity. In some cases the effect is pronounced to 
result in a transition from a semiconductor to a metal in the amorphous semiconduc¬ 
tors. The amorphous chalcogenide glasses becomes metallic under high pressure either 
with a continuous or with a discontinuous decrease in the electrical resistivity and 
optical gap. The effect of pressure on the optical properties of the chalcogenide glasses 
will be discussed in the next section. 

The explanation for the variation of the electrical resistivity under high pressure is 
more complex. From the elementary theory one can write 

p = (n/xe)“\ (3) 

where p is the electrical resistivity, n is the number of carriers, p is the carrier mobility 
and e is the charge. In (3) both n and p depend on pressure and temperature. The 
number of carriers is determined by the probability of exciting carriers from the Fermi 
energy to the bottom of the conduction band 


n ~ exp 


( 


kT y 


( 4 ) 


where k is the Boltzman’s constant and T is the temperature. The quantity Ec -E^ 
= AE in eV is called the activation energy for the electronic conduction. The band 
picture for the chalcogenide glasses (and the position of the Fermi level) is discussed in 
detail by Mott and Davis (1979). 


3.1 Elements 

The effect of pressure on the electrical resistivity of glassy selenium has been studied 
extensively (Bridgman 1952; Balchanand Drickamer 1961; Wittig 1965,1973; Fuhs et al 
1973; Moodenbaugh et al 1973; Aoki et al 1974; Minomura 1978; Gupta and Ruoff 
1978; Bundy and Dunn 1979; Parthasarathy et al 1984d; Parthasarathy and Gopal 
1984a). At rooni temperature and pressure Se exists in three forms: a chain hexagonal 
form, a monoclinic form and an amorphous form. Both of the latter are metastable 
thermodjmamically, and transform to the hexagonal form when heated or pressurized. 
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All the high pressure studies show the following main results: 

(i) The electrical resistivity decreases exponentially with the increase of pressure and at 
13-0 GPa the resistivity drops by six orders of magnitude and goes to a metallic value. 

(ii) Amorphous Se became crystalline under high pressure. The high pressure 
crystalline phase is yet unsolved and the crystalline phase is retained when the pressure 
is released to one atmospheric pressure. 

(iii) The electronic nature of the (semiconductor-to-metal) transition is found to be 
reversible in nature. 

(iv) The high pressure metallic phase undergoes a superconductivity transition at 7 K 
(Wittig 1973). 

The most controversial thing about the high pressure studies on the glassy selenium 
is the value of the transition pressure, which varies from 6*0 GPa (McCann and Cartz 
1972) to 13*0 GPa (Wittig 1965; Fuhs et al 1973; Bundy and Dunn 1979; Parthasarathy 
et al 1984d). The results of the pressure dependence of electrical resistivity of glassy 
selenium due to various authors are summarized in table 2. The discrepancy arises 
because of the differences in the method of preparation of the samples. 

In the VI group elements, other than selenium no other elements exist in the bulk 
glassy form. There are a few reports on the existence of amorphous tellurium, which 
usually crystallizes at 298 K. The other high pressure studies on the bulk glassy 
elements are on glassy arsenic (Elliott et al 1977) and glassy phosphorus (Extance and 
Elliott 1981), which will be discussed in the last section of this review, where we discuss 
about the pressure-induced transformation in the chalcogenide glasses. 

3.2 Binary alloys 

The effect of pressure on the electrical resistivity of bulk As-Se glasses has been 
measured upto 0-2 GPa by Arai et al (1973). They found that the conductivity increases 
with the increase of pressure, which is the characteristic feature of electronically 
conducting glasses. In amorphous As 2 Se 3 both hole transport determined from time- 
of-flight experiments and dark dc conductivity were measured as a function of pressure 
by Pfister (1974). He reported that both of them increase with pressure as exp (ccp), 
where a cs; 4*5 GPa" ^ The shape of the current transient and the pressure dependence 
of the characteristic time strongly support a hopping model of the transport in 
a-As 2 Se 3 (Kolomiets and Raspopova 1970; Ivkin et al 1972). 

The pressure dependence of the electrical resistivity amorphous thin films AS 2 S 3 and 
As 2 Se 3 has been measured by Minomura et al (1976). The study shows a continuous 
decrease of resistivity of several orders of magmtude, which lies in 1 x 10 ^ and 
5 X 10" ^ ohm cm for a-As 2 S 3 and u-As 2 Se 3 films at 25 GPa and these samples remain 
semiconducting even at 25 GPa pressure. In the case of flash-evaporated amorphous 
As 2 Te 3 films, the resistivity decreases by eight orders of magmtude for 7-0 GPa 
pressure. The amorphous As 2 Te 3 films become metallic near 10 GPa and become 
superconducting at 4*4 K at 10 GPa pressure (Sakai and Fritzsche 1977). 

Figure 5 compares the pressure dependence of the electrical resistivity of amorphous 
AS 2 S 3 , As 2 Se 3 and As 2 Te 3 films. The interesting observation in this plot is that with the 
increase of atomic diameter (from S to Te), the pressure required to transform the 
semiconducting phase to metallic phase decreases drastically. This indicates that the 
high pressure studies on the glasses are one of the most useful tools to understand 
the nature of the bonding in the chalcogenide glasses. Another interesting point 



278 


G Parthasarathy and E S R Gopal 


Table 2. High pressure studies of the electrical resistivity of fl-Se 


Author 

(Ref.) 

Sample 

Type of 
study 

Transition 

pressure 

(GPa) 

Results 

Balchan and 

Drickamer 

(1961) 

Bulk 

Electrical 

ll'5-14-0 

Transition is sluggish 

Wittig (1965) 

Bulk 

Super¬ 

conductivity 

13-0 

II 

McCann et al 
(1972) 

Bulk 

X-ray 

6-0-16-5 

1) Amorphous Se became crystalline 
under pressure. 

2) The high pressure phase of n-Se is the 
same as high pressure phase of c-Se. 
(unsolved structure). 

3) Crystalline state was retained when 
pressure was released. 

Wittig (1973) 

Bulk 

Super¬ 

conductivity 

130 

1) Se is not retained in a metallic state. 

2) After releasing the pressure to 6 GPa 
there is no evidence of super¬ 
conductivity in it down to 1*5 K 

Fuhs et al 
(1973) 

Thin 

film 

Electrical 

130 

1) Above 110 GPa the resistance of film 
changed irreversibly with pressure. 

2) Se crystallizes with hexagonal form 
above 13*0 GPa. 

Moodenbaugh 
et al (1973) 

Bulk 

Super¬ 

conductivity 

13*0 

High pressure phase of n-Se is super¬ 
conducting but hexagonal Se upto 

16‘0 GPa is not superconducting. 

Aoki et al 

Thin 

Electrical 

7-6-140 

Resistance went upward with time 

(1974) 

film 

optical 


after transformations. 

Minomura 

(1978) 

Thin 

film 

Electrical 

10-5 

Resistance went upward with time 
after transformations. 

Gupta and 

Thin 

Electrical 

9-7 

1) Amorphous Se crystallizes at 9-7 GPa 

RuoflF(1978) 

film 

optical 


at room temperature. 

2) At 80°C at P = 2*6 GPa, amorphous 

Se becomes metallic. 

3) The conducting phase was retained 
for 18 hours at 2*6 GPa ^ter the 
temperature was lowered to room 
temperature. 

Bundy and 
Dunn (1979) 

Bulk 

Electrical 

13*0 

1) All the earlier observations were 
confirmed upto 16*0 GPa. 

2) Se undergoes a transition to a stable 
metallic phase at about 25 GPa. 

3) Resistivity of metallic Se is very 
pressure-sensitive. 

Parthasarathy 
et al (1984) 

Bulk 

Electrical 

13-0 

Glassy Se undergoes a transition to a 
stable crystalline phase (unsolved 
structure) 
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Figure 5. Pressure dependence of electrical resistivity of amorphous AS 2 S 3 , As 2 Se 3 and 
As 2 Te 3 films. 


reported is that amorphous As 2 Te 3 fihn transforms to crystalline As 2 Te 3 under high 
pressure (10 GPa) with the structure similar to that at room temperature and pressure 
(Minomura 1982). On the other hand amorphous AS 2 S 3 and As 2 Se 3 films remain 
amorphous even at 25 GPa pressure. Most of these studies are on the samples in thin 
film form, but in the case of As 2 Te 3 the high pressure results on bulk samples (Ramani 
et al 1979) are in good agreement with those on thin film samples. 

The decrease in the electrical resistivity under pressure arises from the gradual 
decrease of the gap. It is likely that the pressure-induced distoitions cause changes in 
the density of states particularly in the interband gap. This can move the position of the 
Fermi level and hence decrease the mobility gap; as a consequence the electrons are 
delocalized. This will result in a pressure-induced semiconductor-to-metal transition, 
which is observed in glassy chalcogenides. 

3.2a Pressure-induced semiconductor-to-metal transition: Pressure-induced semi- 
conductor-to-metal transition in amorphous semiconductors is an interesting phenom¬ 
enon. Amorphous silicon and germanium show the transitions at 10 and 6 GPa 
respectively (Minomura 1982). In this section let us consider only the binary 
chalcogenide glasses, which exhibit the transition under pressure. In §3-2 the 
experimental studies on amorphous As 2 Te 3 film under pressure and the pressure- 
induced semiconductor-to-metal transition in a-As 2 Te 3 have been discussed. A few 
other binary chalcogenide glasses like In 2 oTe 8 o (Lakshmikumar et al 1981) Scj 00 
(Mushiage et al 1983; Parthasarathy and Gopal 1984a; Parthasarathy et al 1984d), 
Ge 2 oTe 8 o (Parthasarathy et al 1984a, b), GeSe 2 (Prasad et al 1984), Al 23 Te 77 
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(Parthasarathy et al 1985), Si 2 oTe 8 o (Asokan et al 1985a), which exhibit the pressure- 
induced semiconductor-to-metal transition, will now be discussed in detail. 

(a) !n 2 oTeso glass: The sample was prepared in roller quenching technique 
(Lakshmikumar et al 1981). The resistivity drops by 5 to 6 orders of magnitude 
continuously and becomes independent of pressure beyond 6*0 GPa pressure. The 
sample recovered from the high pressure cell was identified to have a crystalline 
structure. The interesting result obtained in In 2 oTe 8 o glass is the time dependent 
change in the electrical resistivity at each clamped pressure. At higher pressures (P 
> 4 GPa) the time dependence of electrical resistivity is negligible. Lakshmikumar et al 
(1981) explained the observed time dependence on the basis of a slow pressure-induced 
transformation from the amorphous state to the crystalline state. 

(b) Sfiioo gl^ses: The high pressure studies on Seioo-xTCjc glasses exhibit two 
interesting features, namely (i) the pressure-induced glassy semiconductor-to- 
crystalline metal transition (ii) the composition dependence of the nature of the 
transition. The second point is extremely interesting, where the discontinuous 
seriiiconductor-to-metal transition changes to a continuous one at 6 < x ^ 8. 
(Parthasarathy et al 1984d). The pressure dependence of the electrical resistivity of 
glassy Sej 00 - *Te, alloys with 0 < x < 30 is shown in figures 6 and 7. The glasses, where 
0 ^ X ^ 6, exhibit a discontinuous drop in resistivity at the transition pressure (figure 
6). On the contrary, glasses with 8 < x < 30 show continuous decrease in the electrical 
resistivity with pressure (figure 7). More extensive studies on the pressure and 
temperature dependence of the electrical resistivity Seioo-xTe^^ glasses (Parthasarathy 
and Gopal 1984a) show that the conductivity is thermally activated in the entire 
composition range. Glasses with a higher Te content (x ^ 8) show two activation 
energies in the conductivity plot, one in the high temperature regime corresponding to 
the extended state conduction and the other in the low temperature regime 
corresponding to the localized state conduction through hopping mechanism 
(Parthasarathy and Gopal 1984a). The variation of the conductivity activation energy 
asafunction pressureforSeioo-xTe, glasses is shown in figures8and9.For0 < x ^ 6 
the pressure coefficient of electrical resistivity is found to be negative, which is the 



Figore 6. Pressure dependence of electrical resistivity 
of bulk Seioo-xTCx glasses with 0 < x ^ 6. 
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Figure 7. Pressure dependence of electrical resistivity of bulk Seioo-*Te, glasses with 
8 < X ^ 30. 



Figure 8. Variation of conductivity activation energy of Sei oo - glasses (0 ^ ^ 6) as a 

function of pressure. 

characteristic feature of any chalcogenide glasses. For 8 < x ^ 30, the electrical 
resistivity shows a rapid and continuous decrease with pressure, above a specific value 
of (which decreases linearly with the increase of x). The electrical resistivities are 
almost constant upto which is interesting (Parthasarathy et al 1984d). The most 
interesting feature of this study is that both the series of these glasses (0 ^ x < 6 and 
8^X<30) become crystalline at high pressure. The crystallization part will be discussed 
in the last section. The unusual feature in this glassy system is also reflected in our other 
studies (Parthasarathy and Gopal 1984b; Okuda et al 1979). The experimental high 
pressure studies on amorphous SegoTe 2 o sample by Mushiage et al (1983) show not 
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Figure 9. Variation of conductivity activation energy of Se^^o - xTe, glasses (8 < x < 30) as a 
function of pressure. 


only a semiconductor-to-metal transition at 9 GPa pressure, but also a reversible glass- 
crystal transformation. Until now this latter feature was thought to be thermodynami- 
caJly improbable. It is very unlikely that the crystalline phase induced by the pressure 
will transform to the amorphous phase on releasing the pressure, because for a given 
sample at room temperature the crystalline phase has minimum free energy compared 
to that of the glassy phase. Moreover it is clear from table 2, that even for amorphous 
Se, the value of the transition pressure is very much dependent on the method of sample 
preparation. Mushiage et al (1983) have not mentioned about the nature of their 
sample, whether in the thin film or in the bulk form. The results displayed in figures 6 
and 7 are quite reproducible, and it is intuitively obvious that, owing to incorporation 
of tellurium into selenium, the transport^ behaviour undergoes a qualitative change 
above 6% Te. Parthasarathy et al (1984d) have explained the observed unusual 
behaviour on the possibility of a structural change in the Se glass due to the addition of 
Te beyond 8 %. It is very well known that glasses from Se melts contain both rings and 
chains of Se (Westbury and Cooper 1978). The chain terminations in Se glass are likely 
to correspond to charged defects. A singly-bonded negative Sef centre is an 
enereetic^y facile centre to which a tellurium atom can attach itself (Parthasarathy et 
al 1984d), 

It is suggested that up to x = 6, Te is incorporated at the chain terminations. For 
X > 6, Te atoms are likely to enter the rings rather than the chain, because there is no 
experimental evidence to suggest further degradation of Se chains with the addition of 
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Te. The exafs study on Se glass (Parthasarathy et al 1981) support the above 
suggestions, by showing the presence of 7 to 8 at. % of Se atoms at the chain 
terminations. Since upto 6 % Te the substitutions are at the chain end, it does not affect 
drastically either the structure or the overall cohesion of the alloys, which is possibly the 
reason for the near-constancy of glass transition temperature and the first-order 
transition under pressure upto 6 % Te content. Also since the tellurium atoms are larger 
in size, their presence at the chain ends facilitates pressure-induced crystallization, 
which manifests itself in lower values of the transition pressure (figure 6). It is also 
suggested that the three coordinated Te atoms produce localized tail states in the band 
gap of the fl-Se. The newly created localized tail states gradually dominate over the 
defect states. Once the tail state energies cross over the charged defect energies, the band 
gap begins to decrease. The schematic density of states diagram for Sejoo glasses 
is shown in figure 10. The effect of pressure, however, is more influenced at three- 
coordinated cross linking Te positions, which results in a greater sensitivity of tail states 
to pressure than the charged defect states. It is assumed by Parthasarathy et al (1984d) 
that the new tail states created by the addition of Te are lower in energy than the top¬ 
most negatively-charged defect states. Therefore, at pressures lower than P^, structural 
reorganization occurs primarily around Te atoms which are not defect centres, and the 
gap governed by the defect states is unaffected in the process. This would account for 
the near-constancy of the electrical resistivities upto At this stage it is difficult to 
quantitatively predict the effect of pressure on the band picture or the density of states 
near the Fermi level or near the mobility edges, and further experiments such as 
pressure dependence of I-V characteristic, Hall effect, xps and ups etc have to be 
performed. 

The unusual behaviour observed in Sejoo-xTe^ glasses is certainly due to the local 
atomic arrangements rather than merely the change in conductivity mechanism. This is 
confirmed by the high pressure study on the crystalline Seioo-xTCjc alloys over the 
entire composition range (Parthasarathy et al 1984e). The pressure dependence on the 
electrical resistivity of the crystalline SCioo-jcTej^ alloys is shown in figure 11. Here in 
the entire composition range 0 x ^ 100, we observe a discontinuous pressure- 



Figiire 10. Schematic density of states diagrams 
for Se, 00 - *Te, glasses for (A) x < 6; (B) x > 6 and 
pressures less than the value of the crystallization 
pressure (C) x > 6 and pressures greater than the 
value of crystallization pressure. 
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induced transition. The variation of the electrical resistivity, the activation energy for 
electronic conduction and the transition pressure as a function of Te concentration 
exhibit the unusual behaviour at x = 8 . 

These high pressure studies on the glassy and crystalline Se i qo - alloys show that 

the pressure is a very useful thermodynamic variable to study (qualitatively) the 
changes in the short range order. 

(c) Ge 2 oTeQo glass: The effect of pressure on the electrical resistivity of Ge-Te 
glasses (near eutectic composition 83 at.”o Te) has been studied by Nakamura et al 
(1975) under hydrostatic pressure environment upto 0-3 GPa. The conductivity 
of Ge 17 X 033 glass increases by 4 times upto 029 GPa. The pressure dependence 
of electrical resistivity of bulk Ge 2 oXeyo glass upto 8 GPa pressure has been 
reported by Parthasarathy et al (1984a, b). The electrical resistivity decreases 
exponentially with increase of pressure by three orders of magnitude upto 5 GPa, and 
at 5 GPa, the resistivity drops discontinuously by six orders of magnitude (figure 12). 
For pressures greater than 5-5 GPa the variation of resistivity with pressure is very 
small. The pressure-induced transition observed in glassy Ge 2 oTe 8 o sample is 




High pressure effect on chalcogenide glasses 


285 



Figure 12. Variation of the electrical resistivity and activation energy for electronic 
conduction in bulk Ge 2 oTe 86 glass as a function of pressure. 


confirmed to be a semiconductor-to-metal transition by the temperature dependence of 
electrical resistivity of Ge 2 oTe 8 o glasses at different pressures (Parthasarathy et al 
1984a). For pressures upto 5 GPa, the variation of resistivity obeys the relation 

p(r) = poexp(AE/kn (5) 

where po is the pre-exponential factor, A£ the activation energy for electronic 
conduction, k the Boltzmann’s constant and T the absolute temperature. The variation 
of the activation energy as a function of pressure is also shown in figure 12. The 
activation energy decreases to zero at 5 jGPa, indicating metallic conduction at high 
pressures. The pressure coefficient of the activation energy is — 0082 eV GPa“ ^ The 
temperature coefficient of electrical resistivity is positive at 6*0 GPa (Parthasarathy et al 
1984a). The high pressure metallic phase is found to have a face-centred cubic structure 
with a = 6*42 A. 

(d) GeSe 2 glass: This chalcogenide glass belongs to a special case, where the local 
bonding is of the tetrahedral type, and is therefore called a tetrahedrally-bonded 
chalcogenide glass (Zallen 1983). Phillips (1979) described the Gej^Seioo-jc glasses by a 
model of small chemically-ordered clusters embedded in a continuous network. The 
predominant clusters are (Se)„ chains, Ge(Sei/ 2)4 comer-sharing tetrahedra and 
Ge 2 (Se 1 ^ 2)6 ethane-like structural units, which dominate near x = 0, 33 and 40 
respectively. The pressure dependence of the electrical resistivity of GeSe 2 glass is 
shown in figure 13. The resistivity increases with pressure upto 2 GPa by two orders of 
magnitude. Usually the pressure coefficient of electrical resistivity for tetrahedrally- 
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Figure 13. Variation of electrical resistivity and the conductivity activation energy of GeSe 2 
glass as a function of pressure. 


bonded materials like a-Si, a-Ge, a-InSb is positive (Minomura 1982). So the initial 
increase in resistivity with pressure is certainly due to the local tetrahedrally-bonded 
Ge(Seiy 2)4 structures. For pressures above 2*5 GPa, the resistivity decreases exponen¬ 
tially with increase of pressure, which is the behaviour expected for many lone pair 
semiconductors. At 7 GPa, the resistivity drops by six orders of magnitude and 
saturates near a value of 3*08 x 10“^ cm, which is less than the Mott’s maximum 
metallic resistivity value (Mott 1970). The temperature dependence of the electrical 
resistivity of GeSe 2 glass at different pressures obeys the relation (5). The value of the 
pre-exponential factor in (5) shows that at all pressures upto 5 GPa, the conduction in 
the sample is due to the excitation of the carriers across the mobility edges (Prasad et al 
1984). 

The temperature coeflBcient of electrical resistivity of the sample at 7 GPa and 8 GPa 
is positive and confirms the metallic behaviour of the sample. 

(e) Af 23 Je 77 glass: The chalcogenide Al 23 Te 77 glass has very interesting electronic 
properties like electrical switching (Alegria et al 1983). The pressure and temperature 
dependence of the electrical resistivity of the Al 23 Te 77 glass is studied by Parthasarathy 
et al (1985). The variation of electrical resistivity of Al 23 Te 77 glass as a function of 
pressure (at room temperature) is shpwn in figure 14. The resistivity decreases 
exponentially with increase of pressure and becomes of the order of 100 pSlcm at 
8*0 GPa pressure. The temperature dependence of the electrical resistivity at different 
pressures obeys the relation (5). At atmospheric pressure there are two activation 
energies, 0*58 eV for 234 K < T 300 K and 0*30 eV for 185 K < T < 234 K. Because 
of high resistance of the sample at low temperature, the temperature range of 
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investigations at low pressures is limi ted to 185 K. For 1-0 GPa pressure the value of 
first activation energy decreases to 0-49 eV and the second activation energy increases to 
0-41 eV. From the values of the pre-exponential factors it is suggested that the 
conduction in the lower temperature region is probably through the tail of localized 
states via thermally activated hopping and at the high temperature region (T ^ 234 K), 
conduction occurs through the extended states (Parthasarathy et al 1985). The increase 
in the second activation energy with increase of pressure indicates the increase in width 
of the locaUzed states near the band tail with the application of pressure. 

The variation of the conductivity activation energy as a function of pressure is shown 
in figure 15. The activation energy also decreases continuously with increase of pressure 



2 3 4 5 6 

PRESSURE (GPU) 


Figure 14. Pressure dependence of electrical 
resistivity of bulk Al 23 Te 77 glass. 



Figure 15. Pressure dependence of conductivity 
activation energy of bulk Al 23 Te 77 glass. The 
closed circle: Activation energy found from tem¬ 
perature dependence of conductivity. Open circle: 
Activation energy calculated from the pressure 
dependence of electrical resistivity which follows 

(SAWPV-ir^ 

where k is the Boltzmann constant and T = 300 K. 
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and goes to zero at 7*0 GPa pressure. The pressure coeflBdent of the conductivity 
activation energy is — OTOSeVGPa"^ for P^4GPa and — 0*06eVGPafor 
4 GPa ^ P < 7 GPa respectively. The gradual decrease of activation energy with 
increase of pressure indicates that the decrease in electrical resistivity under pressure 
arises from a gradual decrease in the optical band gap. 

(f) Si 2 oTesQ glass: Recent high pressure experiments by Asokan et al (1985a) on bulk 
Si 2 oTe 8 o glass show a pressure-induced glassy semiconductor-to-crystalline metal 
transition at 7 GPa pressure. The structural transformations will be discussed in the 
last section. The pressure dependence of electrical resistivity of Si 2 oTe 8 o glass at room 
temperature is shown in figure 16. In this case also the temperature dependence of the 
electrical resistivity confirms that the observation transition is the semiconductor-to- 
metal transition. In all the pressure-induced semiconductor-to-metal transitions, the 
value of the conductivity in the metallic phase is very near the Mott’s minimum metallic 
conductivity value (Mott 1970). 

3.3 Ternary and multicomponent chalcogenide glasses 

The high pressure studies on the electrical resistivity of As^oSegoAgj.o glass (Arai et al 
1973) Gei 6 As 35 Te 28 S 2 i glass (Minomura et al 1976), As^oJ^^Tego-x glasses (Ramani 
et al 1979), As-Te-I and As-Te-Ge glasses (Johnson and Quinn 1978a), Cu 25 Au 5 Te 7 o 



Figure 16. Pressure dependence of electrical resistivity of bulk Si 2 oTe 8 o glass. 
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glass (Lakshmi Kumar et al 1981) Ge-Se-Bi glasses (Bhatia et al 1983,1984,1985a, b), 
Ge-Se-Sb glasses (Bhatia et al 1984, 1985c), Ge-S-Bi glasses (Gosain et al 1985) and 
Ge-Se-Tl glasses (Naik et al 1985) give many interesting results, which will be reviewed 
in this section. 

The conductivity of As 4 oSe 6 oAg;c glasses increases by 2-5 times for 0*2 GPa pressure. 
With decrease of silver content the pressure coefficient of conductivity decreases 
drastically (Arai et al 1973). The pressure effects on As 4 oSe 6 oAgjc glasses suggest that in 
the electronically conducting glass which contains atleast locally mobile ions such as 
silver, the conduction process consists of the cooperative processes of electronic and 
ionic conduction, rather than their simple additive processes. 

The multicomponent Gei 6 As 35 Te 28 S 2 i glass becomes metallic under high pressure 
of 15 GPa with continuous decrease in the activation energy for electronic conduction 
(Minomura et al 1976). On the other hand, the glassy As 4 oSej,Te 6 o-x alloys remain 
semiconducting upto 7-0 GPa for x > 10 (Ramani et al 1979). The magnitude of the 
pressure coefficient of electrical resistivity and activation energy decreases drastically, 
with increase of selenium content (Ramani et al 1979). 

An extensive study of the pressure dependence of electrical conduction on various 
As 5 oTe 5 o..;cGejc, AssoTeso^jcI, and As 4 oTe 5 oGeio glasses has been made by Johnson 
and Quinn (1978a). They found that for all the chalcogenide glasses Alnc/AP varies 
from about 2 to 8 GPa"^ for pressures upto 2*4 GPa. For binary glasses As 2 Te 3 
and AsjoTeso the conductivity increases exponentially with pressure with 
Alna/AP ^ 40 GPa" K The substitution of small concentrations (2 to 5 at. %) of iodine 
for tellurium in As 5 oTe 5 o reduces Aln<T/AP by about 50 %, whereas the substitution of 
Ge produces no significant change (Johnson and Quinn 1978a). In the As-Te-I and As- 
Te-Ge glasses, the conductivity increases more rapidly as a function of time, at high 
pressure, exhibiting a log t time dependence. The conductivity values increase by a 
factor of 2 with time at high pressure. They also found the conductivity relaxation 
phenomena in these glasses after pressure cycling, due to the permanent densification of 
the glasses at high pressure (Johnson and Quinn 1978a). A similar time dependence on 
conductivity at high pressure has been observed for Cu 25 Au 5 Te 7 o glass by 
Lakshmikumar et al (1981). They attributed this time dependence of conductivity to the 
transformation from a glassy state to the crystalline state. 

In the past few years bismuth-doped chalcogenide glasses have received much 
attention l^cause of their capability in transforming from p-type to n-type semiconduc¬ 
tors (Tohge et al 1980; Nagels et al 1981). Bhatia et al (1983, 1984, 1985a, b, c) have 
investigated the pressure and temperature dependence of the electrical resistivity of 
bismuth and antimony doped GeSe 3.5 glasses. For bismuth-doped glasses the variation 
of electrical resistivity is shown in figure 17. The resistivity of GeSe 3.5 glass shows a 
slight increase with pressure upto 10 GPa and then saturates, followed by a continuous 
decrease upto about 7*0 GPa. The addition of Bi dopant significantly alters the picture. 
For 2 at.% bismuth, the pressure coefficient of electrical resistivity is found to be 
negative and for higher bismuth content (>4 at.%) the pressure coeflScient of 
resistivity is positive. The continuous transition in glassy GeSe 3 5 is drastically 
influenced by the addition of bismuth (> 4 at.%). The temperature dependence of 
electrical resistivity at different pressures follows equation (5). The variation of 
activation energy as a function of pressure for various bismuth concentration is shown 
in figure 18. Here again the glass with x = 2 shows quite a different behaviour as 
compared to x = 4,10 glasses. Bhatia et al (1984,1985a, b, c) suggested that bismuth. 



290 


G Parthasarathy and E S R Gopal 




* P(GPa) 

Figure 18. Variation of activation energy as a function of pressure for various 
(GeScj. 5 ) 100 -xBix glasses. 


upto 2 at. %, enters the network of glassy GeSe 3.5 in such a way that Bi—Se bonds are 
formed and for higher bismuth content glass, the entry of Bi produces Bi-Ge bonds. 
Thew two incorporation behaviours can be understood by considering the P hilli ps 
medium range order (Phillips 1981). 

The high pressure studies on Ge 2 oS 8 o-x®ix glasses show two pressure-induced 
disrontinuous transitions (Gosain et al 1985). The pressure dependence of electrical 
resistivity of Ge-Se-Tl glassy ako exhibits a pressure-induced discontinuous transition 
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(Naik et al 1985). This transition is also attributed to the pressure-induced crystal¬ 
lization phenomena which will be discussed in the last section of this review. 

3.4. Electrical switching 

Among the electrical characteristics of glassy chalcogenide semiconductors, the 
observation of switching by Ovshinsky (1968) had attracted considerable attention 
because of their technological applications. Upon the application of a high electric field 
or current the material switched to a conducting state from an insulating state and this 
switching on/off could be done many times in a reversible manner. Only a few high 
pressure investigations on switching behaviour have been performed on 
Gei 5 Te 8 iS 2 As 2 glass (Banik 1973) and As 5 oTe 45 l 5 glass (Johnson and Quinn 1978b). 
The threshold switching voltage decreases from about 20 V to 3 V at a pressure of 
1*6 GPa and the conductivity increases by a factor of about 10. Further the on/off 
resistance ratio is also adversely affected. At present it is not known whether a better 
performance is shown by any glass at high pressures. 

3.5 Photoelectric and drift mobility measurements 

The high pressure effects on the electrical conductivity and photoconductivity spectra 
of amorphous and single crystal samples of As 2 Se 3 have been investigated by 
Kolomiets and Raspopova (1970). They observed that both single crystal and glassy 
samples exhibit a considerable pressure-induced shift of the photoconductivity spectra. 
In both cases the spectra shifted toward long wavelengths, which indicates the decrease 
in band gap with increase of pressure. The value of this co-efficient d£/dP = 
— 0T6 eV GPa“" ^ for glassy sample and — 0*17 eV GPa" ^ for single crystal (Kolomiets 
and Raspopova 1970). 

The pressure dependence of the dark and photocurrent of amorphous selenium has 
been investigated by Dolezalek and Spear (1970). Both dark current and photocurrent 
increase with pressure. The pressure coefficient of both photocurrent and dark current 
is almost equal, which suggests that with the application of pressure the surface 
conditions gets modified in such a way as to enhance the injecting properties of the 
contact (Dolezalek and Spear 1970). 

The pressure dependence of the drift mobility of electron (/i^) and hole (pf^) transport 
in glassy selenium was measured by Dolezalak and Spear (1970). It is found that both 
and pf^ are pressure-independent, which rules out the hopping transport in glassy Se. 
However they suggested that the presence of a large density of localized states close to 
the band tails is the main factor which controls the drift mobility. 


4. Optical properties 

In § 3.5 the effect of pressure on photoconductivity has been discussed. Among all the 
optical properties of glasses, refractive index is one whose pressure dependence has 
been investigated quite early by Kastner (1972). The pressure dependence on refractive 
index, optical absorption edge, reflectivity, Raman spectra, photo darkening and photo 
luminescence spectra of chalcogenide glasses will be discussed in this section. The 
effect of pressure on the refractive index and the absorption edge of some chalcogenide 
glasses have been discussed by Lucovsky (1977). 
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4.1 Refractive index 

The pressure dependence of the refractive index of semiconducting chalcogenide 
glasses is related to the pressure-induced shifts of the interband absorption processes. 
The pressure effect of the refractive index (w) or of the optical path length nl (/ = the 
sample thickness) of glassy AS 2 S 3 , As 2 Se 3 , GeSe 2 , GeSeTe and Gei 6 As 35 Te 28 S 21 alloys 
has been studied by Kastner (1972) upto 0*2 GPa pressure. It is found that (1/n) (dn/dp) 
is positive for all the glasses whereas it is negative for the tetrahedral semiconductors. 
The value of (1 /n) (dn/dp) for chalcogenide glasses is an order of magnitude larger than 
is observed for tetrahedral semiconductors. 

The value of dn/dp is positive for all the materials containing group VI elements in 
two-fold coordination. The local field corrections appear to be the cause of the positive 
dn/dp. The Lorentz-Lorentz description of the local field predicts dn/dP in agreement 
with experiment for most of the chalcogenide glasses (Kastner 1972; 2^11en et al 1981; 
Weinstein et al 1982). In his next paper Kastner (1973) explained the positive pressure 
coefiBcient of refractive index for chalcogenide glasses by introducing a new parameter 
called ‘the average bond-free solid angle (bfsa)’. bfsa is the solid angle associated with 
each atom, which is free of bond charge. When bfsa is large, atoms can move closer 
together under pressure without compressing bonds. In this case local field corrections 
cause a positive (dn/dP). The pressure dependence of refractive index of amorphous 
AS 2 S 3 has been investigated by Berson et al (1981) upto 6*0 GPa pressure. The value of 
the refractive index of AS 2 S 3 glass increases from 2*5 (at 10® Pa) to 3*25 (at 5*0 GPa), 
which also agrees with the result of Kastner (1972). According to the Penn dielectric 
model (Penn 1962) a strong increase in n indicates the decrease in the average bonding¬ 
antibonding gap, which will give rise to the negative pressure coefficient of the band gap 
for chalcogenide glasses. 

4.2 Optical absorption edge 

The optical absorption studies on glassy selenium under pressure have been 
investigated by Caldwell and Fan (1959), Suchan et al (1959), Fuhs et al (1973), Kastner 
(1973), Aoki et al (1974) and Lucovsky (1977), which demonstrate the reduction of 
optical gap to zero at 13*0 GPa pressure. For chalcogenide Gei 6 As 35 Te 28 S 2 i, the 
pressure-induced shift of the energy of the edge is independent of absorption coefficient 
From 5 to 2 X 10^ cm“ ^ (Kastner 1973). The pressure-induced shift is also independent 
of the temperature in the range 200 K < T < 350 K. 

The value of the pressure coefficient of the edge for AsiSea glass is —0*076 
± 0-015 eV GPa" ^ (Grant and Yoffc 1970; Kolomiets and Raspopova 1970; Kastner 
1973). Kastner’s result indicates a lower value for {dEJdP) compared to Kolomiets and 
Raspopova’s value and a value higher than that of Grant and YofFe (1970). Besson et al 
(1981) have investigated the pressure dependence of the absorption edge of crystalline 
as well as amorphous AS 2 S 3 , which show that for both materials the absorption edge 
undergoes a rapid red shift of ^ 1 eV in 10 GPa. The pressure shifts obtained from the 
initial slopes of the isoabsorption plots (a = 5 x 10^ cm" ^) are 0*18 ± 0-02 eV GPa" ^ 
and 0*14 ± 0*03 eV GPa"^ for a-As 2 S 3 and orpiment respectively. In a later study 
Weinstein et al (1980) found very large effects of pressure on the electronic spectra of 
AS 2 S 3 glass. They also found that the main vibrational band is insensitive to pressure. 
Both these characteristics are explained in terms of the macromolecular character of 
AS 2 S 3 (Zallen and Blossey 1976). 
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The high pressure experiments on the optical properties of a-GeSe 2 , layer-structure 
crystalline GeS 2 and a quartz-like crystalline form of GeS 2 samples were performed by 
2^11en et al (1981) and Weinstein et al (1982). They found that pressure causes the 
absorption edge to red shift and the refractive index to increase, the sensitivity to 
pressure being largest for glassy GeS 2 , less for (two-dimensional) layer-structure 
crystalline GeS 2 and the least for the quartz-like crystalline GeS 2 sample which is three- 
dimensional in nature. The pressure coefficient of the band gap of glassy GeS 2 sample is 
-0*23 eVGPa"'. 

The pressure coefficient of the refractive index is also the largest for the glassy GeS 2 
sample, which suggests that the glassy GeS 2 is not a three-dimensional network glass 
akin to silica but instead has lower network dimensionality (Weinstein et al 1982). 

4.3 Reflectivity studies 

The reflectivity studies under high pressure is a very difl5cult experiment because the 
refractive indices of the pressure transmitting fluid and the window depend on pressure 
(Zallen and Paul 1967; Schneider and Vedam 1970; Kastner and Forberg 1976). The 
pressure dependence of the reflectivity will yield more information about the local field 
corrections. The reflectivity of glassy selenium was studied under high pressure upto 
0*4 GPa, at photon energies between 1 and 4*5 eV. For glassy selenium the pressure 
coefficient of reflectivity AR/RAP over the entire spectrum is large and positive 
{AR/RAP = 0*2 GPa’ ^ at photon energy 1 eV). Kastner and Forberg (1976) have 
compared their experimental results with the prediction of the Lorentz-Lorentz 
relation in order to verify the effect of local field corrections on the reflectivity of glassy 
selenium. The agreement between the Lorentz-Lorentz prediction and experiment 
suggest that the average value of AR/RAP is the result of local field corrections. 

4.4 Raman spectrum 

The Raman scattering experiment under high pressure has its own difficulty, in the case 
of the chalcogenide glasses because most of the glasses are opaque to visible light. The 
Raman scattering experiment should be made in a back-scattering configuration, which 
usually gives scattered light with very low intensity. For the experimental details the 
readers can refer the recent review by Jayaraman (1983). Because of the experimental 
diflSculties the Raman scattering studies on chalcogenide glasses under high pressure 
have been limited to a few systems like glassy AS 2 S 3 (Weinstein et al 1980; Besson et al 
1981) and GeS 2 alloys (Zallen et al 1981). The main Raman band for AS 2 S 3 glass is near 
350 cm’ ^ corresponding to the As-S covalent bond stretching vibrations. The position 
of this band is scarcely affected by pressure upto 0*8 GPa. The fractional shift in 
frequency expressed in units of percent per GPa is -h (1*0 ±1*0). The pressure 
insensitivity of the position of the Raman band in a-As 2 S 3 supports the view that this 
glass is a molecular solid (Weinstein et al 1980). 

The influence of pressure on the first-order Raman spectrum of GeS 2 glass has been 
studied by Zallen et al (1981). At atmospheric pressure there are five bands at 433,372, 
342,117 and 20 cm’ ^ for GeS 2 glass. The main effect of pressure is to broaden and shift 
the dominant Ge-S stretching band to a higher frequency. All the other sharp features 
in the spectrum also broaden with pressure. The observed phonon frequencies increase 
with increase of pressure. 
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4.5 Photodarkening 

Glassy chalcogenide alloys exhibit the phenomenon of photodarkening i.e., a shift of 
the optical absorption edge to lower energies induced by photons wit^ a greater energy 
than the band gap (Tanaka 1983). The shift induced by the band-gap illumination can 
be removed by annealing the glass just below the glass transition temperature. 
Photodarkening is considered as resulting from distortion of the intermolecular 
distance between the chalcogen atoms, one of which has been transferred from a stable 
to a quasistable position by a photon having the band-gap energy. The effect of pressure 
on these photo-induced changes in chalcogenide glasses has been reported by Kolobov 
et al (1982), Tanaka (1984) and Tsutsu et al (1984). High pressure experiments on 
AsjSes films show that the photodarkening value decreases with increase of pressure. 
The effect of pressure is very significant, the change in photodarkening value being 
comparable with the maximum photodarkening value in the absence of pressure 
(Kolobov et al 1982). Photodarkening phenomena in glassy AS 2 S 3 under high pressure 
reveal that the pressure derivative of the change of absorption edge dAE/dP is 
0-12 eV GPa”^ ^anaka 1984; Tsutsu et al 1984) which is 30% smaller than that by 
Weinstein et al (1980). When the glassy AsjSj sample under high pressure is exposed to 
light a remarkable shift to lower energy side was observed (Tsutsu et al 1984). The 
values of the shifts are 0-097 eV at 0-1 GPa and 0-121 eV at 03 GPa respectively. When 
the pressure is released, the absorption edge is shifted by the same amount AE to higher 
energy side; however the shift by illumination is quenched even after releasing pressure, 
which is confirmed by Tanaka (1984). The absorption edge is completely recovered by 
annealing at 350 K. At atmospheric pressure and at room temperature glassy selenium 
does not exhibit photodarkening (Tanaka and Odajima 1982). Much effort has been 
made to search for photodarkening phenomena in amorphous selenium under high 
pressure. In contrast to AS 2 S 3 , Se glass annealed under pressure exhibits no detectable 
photodarkening (Tanaka 1984). But in both AS 2 S 3 and Se glasses, the densification 
under pressure is induced not only by annealing but also by illunoination. The observed 
differences between AS 2 S 3 and Se have been explained qualitatively on the basis of the 
effective coordination number which is the sum of the covalent coordination number 
and a measure of the strength of the intermolecular bonding proportional to the force 
constant (Tanaka 1984). The structure of Se is sufficiently flexible that the inter¬ 
molecular distance may be compressed efficiently by pressure and no space is available 
for bond twisting. This contributes to the absence of photodarkening in glassy Se under 
pressure (Tanaka 1983). 

4.6 Photoluminescence studies 

The effect of high pressure on photoluminescence (pl) in crystalline AS 2 S 3 (upto 
11 GPa) and amorphous As 2 SeS 2 (upto 17 GPa) has been measured by Weinstein 
(1984) for the first time. For crystalline AS 2 S 3 it was conclusively proved that pressure 
violates the mid-band gap rule. For C-AS 2 S 3 and pl peak E^. blue-shifts by 
-(-0-012 eV GPa“^, while the band edge E^ and the pl excitation peak red-shift by 
— 0-14 eV GPa"The results for AS 2 SCS 2 glass also indicate a similar pressure 
dependence. Weinstein (1984) deduced the pressure dependence of the Street-Mott 
energy level scheme (Street and Mott 1975) from the measurements on C-AS 2 S 3 . He also 
developed a realistic configuration coordinate model based on layer inter-linking 
defects (Weinstein 1984). 
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5. Magnetic properties 

High pressure studies on the magnetic properties of glasses mainly discuss the Fe-based 
metallic glasses (Shirakawa et al 1983 and the references therein). Some high pressure 
investigations on ^^Se nuclear magnetic resonance have been made on liquid selenium 
by Warren Jr and Dupree (1980a, b) in the region from the supercooled liquid (466 K) 
to the supercritical fluid (1900 K) and at pressures upto 0-08 GPa. Application of 
pressure at 1800 K induces a rapid delocalization of the paramagnetic centres which 
coincides with the Mott’s minimum metallic conductivity. As far as we are aware no 
experimental investigations on the pressure dependence of the magnetic properties of 
bulk chalcogenide glasses have been made. Such a study will be very useful in 
understanding the phenomena of pressure-induced insulator-to-metal transition in 
chalcogenide glasses. 


6. Crystallization studies 

Chalcogenide glasses are considered to be supercooled Uquids which are thermo¬ 
dynamically metastable compared to the stable crystalline state. A difference between 
the free energy of the low pressure glassy phase and that of the high pressure crystalline 
phase leads to a pressure-induced transition, which can be a sharp discontinuous or a 
continuous transition. A preliminary review on this aspect and the pressure effects on 
chalcogenide glasses have been discussed by various scientists (Roy and Cohen 1961; 
Sakka and Makenzie 1969; Johnson Jr and Quinn 1978a; Gopal 1983a, b, 1985, 
Parthasarathy and Gopal 1985; Asokan et al 1985a). In this section, we will discuss the 
pressure-induced crystallization in chalcogenide glasses in two parts. The first part 
deals with materials showing discontinuous transitions and the second part with those 
showing continuous transitions. 

6.1 Discontinuous transitions to the crystalline state 

In 1972, McCann and Cartz (1972) found that hexagonal and amorphous selenium 
transform to similar or identical new unsolved structures above about 14 GPa and that 
the high pressure modification is retained when the pressure is removed. This pressure- 
induced crystallization of glassy selenium is accompanied with a discontinuous drop in 
the electrical resistivity by many orders of magmtude at the transition pressure. The 
high pressure phase is still unsolved though several studies confirm the transition 
(Balchan and Drickamer 1961; Fuhs et al 1973; Aoki et al 1974; Minomura 1978; Bundy 
and Dunn 1979; Parthasarathy et al 1984d). Gupta and Ruoff (1978) found that the 
value of the transition pressure is 9-6 GPa at room temperature, and it is much lower 
compared to other reported data (13*0 GPa). Moreover they found that at 353 K the 
amorphous selenium crystallizes at 2*6 GPa and goes to a metallic phase (Gupta and 
Ruoff 1978). The change in the value of the transition pressure might be due to the 
difference in the nature of the samples like, thickness of the film, evaporation rate, 
substrate temperature etc. 

Other elemental amorphous semiconductors, which exhibit pressure-induced crys¬ 
tallization with discontinuous resistivity drop, are amorphous arsenic (Elliott et al 
1977) and amorphous red phosphorus (Extance and EUiott 1981). The electrical 
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resistivity of bulk amorphous As decreases continuously by seven orders of magnitude 
and the sample remains amorphous upto 4 0 GPa pressure. At 4 0 GPa, a discontinu¬ 
ous irreversible transition takes place involving a drop in resistivity by 5 orders of 
magtiitude to a rhombohedral structure. At each clamped pressure the resistance of 
bulk As is found to change with time. Similar observations have been made for bulk 
amorphous phosphorus, which has the transition to an orthorhombic structure at 
7 GPa pressure. In a-P at low pressure (3*9 GPa) the decrease in the resistance values 
as a function of time is roughly 2 orders of magnitude and at high pressures 
(> 4-9 GPa) the time dependence of electrical resistivity is much weaker. This time 
dependence phenomenon is due to the inhomogeneous nature of the amorphous 
phosphorous at a microscopic and an atomic level (Extance and Elliott 1981). 

Wu and Luo (1975) found the pressure-induced crystallization of amorphous thin 
film As at 1*8 GPa. The lower value of the transition pressure is certainly due to the 
nature of the specimen under investigation; for example in the specimens that had been 
stored for a length of time (of the order of months) crystallization occurs in a much 
more sluggish manner (Wu and Luo 1975). 

Bulk Seioo-jcTCjc glasses with (0 < x < 6) also exhibit pressure-induced discontinu¬ 
ous crystallization. The high pressure phase is identical to the high pressure phase of 
amorphous Se (Parthasarathy et al 1984d). 

The pressure-induced (discontinuous) crystallization in bulk Ge 2 oTc 8 o glass 
(Parthasarathy et al 1984a, b), and SiaoTego glass (Asokan et al 1985a) is very 
interesting. Bulk Ge 2 oTe 8 o glass exhibits a double stage or primary and secondary 
crystallization under thermal treatment (Parthasarathy et al 1984c). On the other hand 
it undergoes congruent or polymorphous crystallization under high pressure, which 
can be illustrated by the following reaction. 

7’ss492K 

GcjoTcgo (glass)-c-Te+glass-»- 

c-Te+c-GeTe (with distorted NaCl structure with a = 11-02 A) 

Ge 2 oTe 8 o (glass)-^—c-GeTe* (with f.c.c. structure with a = 642 A). 

The plausible free energy diagram (schematically) is shown in figure 19 (Gopal and 
Parthasarathy 1985). The same free energy diagram is also applicable to the bulk 
SijoTcgo glass, where the glass exhibits double stage or primary and secondary 
crystallization under thermal treatment (Asokan et al 1985b), and congruent or 
polymorphous crystallization under high pressure. 

i.e. SijoTego (glass) -3»-c-Te+ glass -s- 

c-Te + c-SiTe 2 (with hexagonal structure with 
c = 6-71 A and a = 4-28 A) 

jP — 7 GP& 

SiioTcgo glass->c-SiTe 4 (Hexagonal crystal with c = 6 0 A and a = 4*0 A). 

At present it is not clear why pressure and temperature give different types of 
crystallization for the same glass. Further experiments on this line are in progress. 
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In a recent work by Gosain et al (1985), it is found that the bulk Ge 2 oS 8 o glasses 

exhibit discontinuous primary and secondary crystallization under high pressure. The 
variation of electrical resistivity of bulk Ge 2 oS 8 o-x Bi* glasses with x = 0,4,11 and 15 
as a function of pressure is shown in figure 20. In the sample with x = 0 a slight increase 
in the electrical resistivity upto 3 GPa, followed by a continuous drop of two orders of 



REACTION CO-ORDINATE 


Ge2oTcBo 

glass 

c.Te+aJGeTe^ 


Amorphous 
glass 


Temperature induced 
crystallisation 


eJe* c-GeTe 


REACTION CO-ORDINATE 


Figure 19. Schematic free energy diag¬ 
ram representing different crystallizations 
in Ge2oTc8o 



Figure 20 . Pressure dependence of electrical resistivity of bulk Ge2oS8o-xBix glasses. 






298 


G Parthasarathy and E S R Gopal 


magnitude of upto about 4-7 GPa is observed. But the glasses with x = 11 and 15 
exhibit a discontinuous transition at 3 3 GPa and one more transition at 7-0 GPa for 
X = 15 and at 7-5 GPa for x = 11 respectively. X-ray studies of the pressure recovered 
sample show that the first transition is due to the partial crystallization of BijSj in 
Ge 2 oS 8 o-xBix glasses (x = 11 and 15) and the second transition is due to the 
crystallization of the remaining amorphous matrix into GeS 2 crystal (Gosain et al 
1985). The most interesting result is that the glassy Ge 2 oS 76 Bi 4 alloy exhibit only one 
pressure-induced transition at 8-0 GPa. The x-ray studies show that the high pressure 
phase has hexagonal structure with c = 8-68 A and a = 5-32 A. For x = 11 and 15 
thermal studies also show the primary and secondary crystallization, which confirms 
the recent percolation model for the bismuth-doped germaniiun-based chalcogenide 
glasses (Bhatia et al 1985d; Tichy et al 1985). 

Bulk Ge-Se-Tl glasses also undergo pressure-induced discontinuous transition to 
crystalline state. The high pressure behaviour of electrical resistivity of Ge-Se-Tl glasses 
is shown in figure 21. In this glass, the crystallization behaviour is an eutectic 
crystallization (Naik et al 1985). 

Tl 3 oGe 2 oSe 5 o and Tl 33 Ge 23 Se 44 glasses transform to crystalline Tl 2 Se with 
tetragonal structure with a = 8-54 A and c= 12-71A and crystalline GeSe with 
orthorhombic structure with a = 4-40 A, b = 3-82 A and c = 10-80 A at the transition 
pressure. On the other hand Tli jGeioSe 75 and Tl 2 oGe 2 oSe 6 o glasses transform to the 
crystalline TlSe (with tetragonal structure a = 8-0 A, c = 7-0 A) and crystalline GeSe 
(orthorhombic structure with a = 4-40 A; b = 3-82 A and c = 10-80 A) at the transition 
pressure. 

Bulk GeSe 2 glass undergoes a glass-to-crystal transition at 7-0 GPu where the high 
pressure phase is found to have f.c.c. structure with a = 4-06 A (Prasad et al 1984). 



Figure 21. Pressure dependence of electrical resistivity of bulk Ge-Se-Tl glasses. 
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6.2 Continuous transition to the crystalline state 

It is well established that the glassy As 2 Te 3 alloy (or thin film) undergoes a continuous 
pressure-induced semi-conductor-to-metal transition (Sakai and Fritzsche 1977). The 
high pressure phase is found to be crystalline, with the same structure of the crystalline 
As 2 Te 3 alloy (MinomuraT982). It is not clear that this type of crystallization occurs 
through nucleation and growth. In Se 100 -xTe^gl^ses with 8 ^ x ^ 30, the continuous 
pressure-induced crystallization is explained on the basis of the cluster model (Rao and 
Rao 1982; Parthasarathy et al 1984d). In bulk In 2 oTe 8 o and Cu 25 Au 5 Te 7 o glasses, the 
pressure-induced crystallization is continuous and also associated with the time 
dependence on the electrical resistivity. Here the high pressure phase is not identified to 
have any unique crystal structure (Lakshmikumar et al 1981). High pressure studies on 
Al 23 Te 77 glass show that this glass undergoes a polymorphous (or) congruent 
crystallization under high pressure with a continuous decrease in the electrical 
resistivity (Parthasarathy et al 1985). The high pressure phase has hexagonal structure 
with cja = 1*7. On the other hand under thermal treatment Al 23 Te 77 glass exhibits 
primary and secondary crystallization (Parthasarathy and Gopal 1984c). The Ga 2 oTe 8 o 
glass behaves in a similar way, as will be reported in due course. 


7. Conclusion 

In this review an attempt has been made to cover most of the aspects involved in high 
pressure studies on chalcogenide glasses. Further work has to be done to study the 
magnetic properties and crystallization phenomena in chalcogenide glasses under high 
pressure to understand the microscopic picture of the chalcogenide glasses. 
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Abstract. This article reviews the work carried out at Trombay in a variety of single and 
mixed spinel ferrites. The use of polarised neutrons in the elucidation of cation distribution 
and magnetic structures in powder specimens is emphasised. Magnetic form factor studies in 
single crystal specimens of Fe 304 and MnFe 204 are described. Evaluation of dominant 
exchange interactions in a few powder specimens in their paramagnetic phase using the cold 
neutron scattering technique is described. Measurements of the acoustic magnon dispersion in 
MnFe 204 and Lio. 13 Fe 2 . 87 O 4 are outlined. 

Keywords. Ferrites; neutron diffraction; magnetic structure; spinel ferrites; magnetic form 
factor; spin density distribution; polarised neutron. 


1. Introduction 

Ferrites constitute an important class of technologically useful ferrimagnetic materials 
having high permeability coupled with high electrical resistivity. Soft magnetic ferrites 
(those which are demagnetised at zero field) have many uses in high frequency electrical 
and electronic devices such as transformers, aerials, dynamos, motors, modulators, 
amplifiers and as memory elements in earlier computers. Hard magnetic ferrites, on the 
other hand, find application in devices such as loudspeakers, recording head and 
magnetic tapes. Most of the soft ferrites belong to the cubic spinel structure (space 
group 0^-F3dm) in which the magnetic ions occupy two inequivalent lattice sites with 
tetrahedral (/I) and octahedral (B) oxygen coordination. The magnetic structure of such 
crystals essentially depends upon the type of magnetic ions residing on the A and B sites 
and the strengths of the inter () and intra sublattice exchange interactions () 
of the A and B sublattices. Neutron diffraction offers several advantages in the 
determination of the magnetic properties of spinel ferrites. The marked difference in the 
nuclear scattering amplitudes of the cations and the interaction of their magnetic 
moments with the neutron magnetic moment make possible accurate determination of 
the cation distributions as well as detailed magnetic structure. Dynamical neutron 
scattering studies, on the other hand, provides crucial information about the strengths 
of the exchange interactions in these systems. The neutron scattering group at Trombay 
was one of the earliest groups to have embarked upon a systematic study of a variety of 
ferrites, single and mixed. Some major contributions in this area will be reviewed. It is 
well known that the polarised neutron technique is a powerful and indeed a unique tool 
to probe magnetic moment density distributions in ferro and ferrimagnetic crystals. 
Such studies carried out at Trombay in the archetypal ferrite, FeaO^ and MnFe 204 will 
also be briefly described. Some dynamical neutron scattering studies in a few spinels to 
evaluate exchange interactions will be touched upon. For more details, however, the 
reader may refer to the original papers cited at the end of this article. 
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2. Magnetic structures of some spinel ferrites determined by polarised and 
unpolarised neutron diffraction 

Elucidation of magnetic structures in ferrites is always preceded by an accurate 
determination of the cation distribution between the tetrahedral (^4) and octahedral (B) 
sites. By a fortunate circumstance, the nuclear scattering amplitudes across the 
transition metal series vary appreciably (and even changes sign as in Mn) as compared 
to the x-ray scattering amplitudes. Therefore neutron diffraction is more reliable than 
x-ray diffraction in arriving at the cation distribution. However, the data are often 
scanty for the complete solution of magnetic structures, especially in the case of the 
mixed ferrite systems, because of the unavailability of good single crystals. At Trombay, 
we exploited the technique of polarised neutron diffraction to offset this, and the 
additional data thus provided have, as shown below, helped in a more accurate and 
unambiguous determination of the cation distributions and the magnetic structures. 
Although Takei et al (1960) and Satya Murthy et al (1969a) did use polycrystalline 
polarised neutron diffraction earlier to resolve ambiguities of moment orientation in 
magnetic structures, this was the first systematic use of this technique for magnetic 
structure determination in ferrites. 

In the case of unpolarised neutrons, the Bragg reflection intensity is given by the 
formula 

fwkz = constant x jL{N^ +fM^)exp(-2W0, (1) 

for a cubic crystal with both chemical and magnetic long range ordering, where; is the 
multiplicity of the plaiies {hkl}, L the Lorentz factor, N and Af the nuclear and 
magnetic structure amplitudes, and exp( —2W0 th® Debye-Waller factor. We have 
neglected the absorption factor. For polarised neutrons with polarisation parallel (-I-) 
and antiparallel (—) relative to the magnetisation of the crystal, on the other hand, the 
Bragg intensities are given by the formulae 

= constant x jL {N^ + M^ -h 2PDNM) exp (- 2W), (2) 

and 

Ihui = constant x jL 2PD 2/-1 NM) exp (- 2W). (3) 

The cross terms in the parenthesis arise from the coherence between the nuclear and 
magnetic scattering process in the case of polarised neutrons, P is the beam 
polarisation, D is the polarisation transmission through the crystal, and/is the neutron 
polarisation reversal efficiency. It is thus seen that using unpolarised and polarised 
neutron diffraction patterns, the amount of intensity data can be tripled, enabling one 
to arrive in a self-consistent manner to an accurate determination of cation distribution 
and magnetic structure factors. 

2.1 Single ferrites 

2.1a MgFejOA,: A detailed neutron diffraction study of MgFe 204 was attempted in 
view of the fact that two earlier studies (Bacon and Roberts 1953; Corliss and Hastings 
1953) did not investigate the migration of Mg ions to the A sites as suggested by 
magnetization studies. The cation distribution was determined at six different 
temperatures, ranging from liquid nitrogen to 625 K. The results show that the degree 
of inversion in MgFe 204 is 0.860 and the cation distribution remains unchanged in this 
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temperature range. The other properties of this ferrite are listed along with those of 
other ferrites in table 1. The N6el temperature was determined to be 680 ± 5 K. 

2.1b MnFe 204 ^: This ferrite was reported to be 81 % normal by Hastings and Corliss 
(1956). Harrison et al (1958) proposed the following valency formula to explain the 
observed ferrite moment of 4-6 /x^/molecule: 

(Mng.^si Feg.t^) Feg.t9 Fe?.^52] Or. 

However, Lotgering (1964) studied the electrical conductivity and Seebeck effect in the 
system Fe 304 .-MnFe 204 .-Mn 2 Fe 04 and concluded that the presence of Mn^ ions on 
the B sites in MnFe 204 is very unlikely. In order to throw light on this controversy we 
used both polarised and unpolarised neutrons to arrive at the following cation 
distribution in MnFe 204 (Satya Murthy et al 1971b): 

(Mng;926 Feg.-^o74) [Mng.-^o74 Fer926 ]• 

Figure 1 shows the diffraction patterns of MnFe 204 taken with polarised neutrons. 
These are typical of the patterns that can be obtained with fairly thin samples and the 
striking difference between the patterns for the two states of neutron polarisation is 
obvious. The magnetic intensities at each temperature were analysed on a N6el model 
and the temperature dependence of the magnetic intensities yield 560 K as the 
transition temperature. The magnetic moment values on the A and B sites extrapolated 
to OK indicate that Mn is in the divalent state and has nearly the ‘spin only’ magnetic 
moment of 5 . As we shall see later, the cation distribution established by us in this 

spinel was useful in the interpretation of the exchange interactions from our spinwave 
dispersion measurement in MnFe 204 . 



Figure 1. Polarised neutron diffraction patterns of MnFe 204 for the two neutron spin 
states. 




Table 1. Magnetic and structural properties of ferrites 
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2.1c CoFe 204 .: The unpolarised neutron diffraction work of Prince (1956) on 
CoFe 204 showed it to be completely inverted while the Mossbauer data (Sawatzky et al 

1968) contradicted this. Our results show that CoFe 204 . is 88 % inverted. This structure 
was solved using polarised neutrons only (Satya Murthy et al 1971a). The fact that the 
magnetic form factors of Co^ and Fe^ ions are appreciably different made it possible 
to determine the individual magnetic moments of these ions on the A and B sites and 
these indicate that the Co moments have a small orbital contribution on both the sites. 

2.1d NiFe 204 : The nuclear scattering amplitudes of Ni and Fe are very close to each 
other and hence the cation distribution cannot be ascertained using nuclear intensities 
alone. Using unpolarised neutrons, Hastings and Corliss (1953) had concluded that the 
intensities are not sensitive to complete inversion and they could only state that 
NiFe 204 is atleast 80% inverted. Our results with polarised neutrons conclusively 
prove that NiFe 204 is a completely inverted spinel (Youssef et al 1969). It has been 
possible to estimate the inversion to within an accuracy of 1 % using polarised neutron 
intensities. Mossbauer data on this ferrite were given (Kedem and Rothem 1967; 
Chappert and Frankel 1967) conflicting interpretations regarding the collinearity of the 
moment arrangement in this ferrite. Our results from polarised as well as unpolarised 
data show clearly that NiFe 204 is a collinear ferrimagnet at all temperatures. This was 
confirmed from the study of the systematics of the Zn-Ni ferrite system as discussed 
below. 

2.2 Mixed ferrites 

2.2a Mg^Mni The first neutron diffraction work (Nathans et al 1957) on 
the system with x = 0-25,0*50,0-75 and 0*90 had been interpreted as showing the cation 
distribution in the system to be quite regular with about 90 % of manganese always 
going to the A site. However the Trombay results (Satya Murthy et al 1971b) indicate 
that the fraction of Mn^"*" ions going to the A sites is 3^-1 774% and 40% 

respectively for x = 0*25, 0*50 and 0*75. Though these values are in direct conflict with 
the observations of Nathans et al (1957) they corroborate the findings of Yamzin et al 
(1962) who investigated the cation distributions in the systems Mn^cFea _;c 04 and found 
an anomalous distribution of the Mn and Fe ions over the two sites. Moreover, the 
Trombay results on the lattice constant and the transition temperature indicate a strong 
similarity of behaviour and lend strong support to the correctness of the cation 
distribution obtained. The various parameters of the system as determined in our study 
are listed in table 1. These were further confirmed from our room temperature data 
using polarised neutrons on these ferrites. 

2.2b ZnxNii-xFe 204 : The variations of the net moment as a function of x in this 
system were puzzling and had been unsatisfactorily explained by several previous 
workers (Sobota and Voigtlander 1963; Gilleo 1960). It was shown by the Trombay 
group from a detailed analysis that some of the intermediate compositions in this ferrite 
system exhibit the Yafet-Kittel (yk) type of magnetic structure (Satya Murthy et al 

1969) . In such a structure the B sublattice moments are split into two groups having 
equal magnitudes but making angles and — with the net magnetisation as well 
as with the A site magnetic moment. The salient features of magnetic ordering seen in 
this ferrite system were as follows: (i) The yk angles increase with x and for a given x 
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decrease with increasing temperature. It is 0*^ for NiFe 204 and when extrapolated gives 
a value of 90° for ZnFe 204 i.e. predicts a collinear antiferromagnetism for ZnFe 204 . 
(ii) YK angles are strongly temperature-dependent and there is a transition from the yk 
to the N&l type before the paramagnetic transition in some cases. The region of N6el 
configuration decreases with increasing x. Thus, while NiFe 204 has the N&l type of 
ferri-magnetic arrangement at all temperatures below its Zno. 75 Nio. 25 Fe 204 has 
the Yafet-Kittel type of ordering at all temperatures below its paramagnetic transition. 
On the other hand, Zno.25Nio.75Fe204 has the N6el arrangement above 300 K but the 
Yafet-Kittel arrangement below that temperature. These features are illustrated in 
figure 2. The observed ay^’s were related to the concentration x and the various 
molecular field coefficients operative in the system using a three sublattice molecular 
field theory. From the minimum energy condition, the following expression for ay^ 
were obtained: 

0QS QJ ^ ^Sl ^ABl + ^B2 ^AB2 _ / 

+ 2mli 

^BIB2 ^b2^bib2 

The relative signs and magnitudes of the various molecular field constants X were got 
from the 0 K extrapolated values of ayj^ for the various compositions. The solid tines in 
figure 3 are the calculated temperature dependence curves using these values. The 
values of ayj^ along with other parameters are given in table 1. 

These results of the Ni-Zn ferrite system were also confirmed using polarised 
neutrons. In the case of Zno, 5 Nio. 5 Fe 204 the polarised neutron diffraction intensities 
lead to a room temperature value of ayj^ = 13° which is the same as obtained from the 
unpolarised case. This incidentally established the applicability of the polarised 
neutron method even in the case of noncollinear structures provided there is complete 
saturation of the moments in the field direction. 



Figure 2. Magnetic order in Zn^^Nii _jrFe 204 system as determined from neutron diffraction 
measurements. 
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Figure 3. The temperature dependence of the Yafet-Kittel angles in ZnxNii_,Fe 204 . 



Figure 4. Variation of the Yafet-Kittel angle with temperature in Co,Zni -,Fe 204 for 
jc = 025, 050 and 075. 


2.2c Znf:oi.^Fe 20 ^: ZnFe 204 is a completely normal spinel exhibiting a com¬ 
plicated antiferromagnetic ordering while CoFe 204 on the other hand shows N&l type 
of magnetic ordering (see table 1) with 88 % inversion. Given the strong preference on 
the Zn^'^ ion to occupy the A site it was thought interesting to undertake neutron 
diffraction studies on the mixed ferrite Zn^Coi _,Fe 204 for different values of x. This 
mixed ferrite system was seen to exhibit a non-collinear, Yafet-Kittel type of spin 
ordering (Radhakrishnan et al 1972). Figure 4 summarises the variation of ay^ with 
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temperature for this mixed ferrite system. An interesting feature observed here is the 
absence of a Neel region as in Ni-Zn ferrites. 


3. Magnetic form factor and spin density distribution in ferrite using 
polarised neutrons 

In the foregoing section, the determination of magnetic structures in powder specimens 
was discussed in which the role of the polarised neutron was to enhance the quality of 
the data and thus help in removing any possible ambiguity in deriving the magnitude 
and orientation of the magnetic moment at the appropriate lattice sites. However, the 
most powerful use of the polarised neutron beam technique is in the measurement of 
magnetic form factors and spin density distributions in ferro, ferri and some types of 
antiferromagnetic materials. The principal motivation in such investigations is to gain a 
better understanding of solid state electronic wave functions. Using thin single crystal 
specimens one measures with considerable precision the three-dimensional magnetic 
structure amplitudes both in magnitude and phase, since as remarked earlier, in this 
technique one essentially measures the interference between magnetic and nuclear 
scattering. The data is then analysed in Fourier space (form factor approach) using 
suitable theoretical models or a Fourier summation with suitable averaging procedures 
is performed to obtain magnetic moment density contours in various sections of the 
crystal lattice quite similar to what is done in building electron density maps in x-ray 
diffraction. The technique and its potentialities have been described in detail elsewhere 
(Madhav Rao 1980, 1982). 

3.1 Ionic systems 

Magnetic scattering from ionic crystals is generally discussed in terms of molecular 
orbitals of transition metal complexes. The ionic wave functions that take part in the 
bonding are the metal 3d orbitals and the ligand 2s and 2p orbitals, a bonding occurs 
between the metals orbitals and the six p orbitals while the n bonds are formed 
between the t 2 g metal orbitals and the twelve ligand pn orbitals. We recall that bonding 
orbitals being predominantly ligand in character are filled and do not directly 
contribute to magnetic scattering while the antibonding orbitals being predominantly 4 
in character are the ones responsible for magnetic scattering. As an example of the 
molecular orbital approach to interpret covalency effects from polarised neutron data, 
we shall discuss briefly the interpretation of the experiments on single crystals 
specimens of Fe 304 done at Trombay a few years ago. 

3.1a Fe^O^, Fe 304 is an inverted cubic spinel ferrite in which the tetrahedral (A) sites 
aie occupied by Fe^"^ ions and the octahedral (B) sites are randomly occupied at room 
temperature by Fe^"^ and Fe^"^ ions. The first polarised neutron study on natural 
crystal specimens (Srinivasan et al 1974) gave evidence of a small moment residing on 
the oxygen atom near the A site Fe^'*' ion with the magnetisation density of the A site 
being more extended than in the free ion Fe^'^ case. These experiments were later 
repeated using much thinner single crystal specimens (to minimise extinction and 
multiple Bragg effects). Using the form factor approach, attention was specifically 
focussed on the moment distribution of the Fe^"^ ion on the A site (Rakhecha and 
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Satya Murthy 1978). The tetrahedral crystal field splits the d level into two groups but 
with the E set lower than-r 2 . We recall that in a pure crystal field situation, even in the 
absence of a centre of symmetry the moment density at A will remain centrosymmetric 
(see figure 5), and its form factor will be real. However, when one allows for covalency 
this is no longer true. The magnetic form factor will have an imaginary component,/^ (k) 

f(K) = /o (k) - iB {hkl)f (k) + A ihkl)f (k\ (5) 

where f (k:) is defined as 

00 

X (k) = I [47ipn (r)];„ (Kr)r^ dr. (6) 

0 

The overlap form factors corresponding to a given overlap density were calculated 
using Slater type orbitals for Fe^ given by Clementi (1965) and those for ‘ given by 
Watson (1958). The admixture coefficients which remain as adjustable parameters then 
determine to what extent the overlap form factors for the and TJ states 



Figure 5. Two neighbouring A sites in the unit cell, denoted by ^ i and >42 together with their 
nearest neighbour oxygen ion tetrahedra. 
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contribute to the net form factor for the A site density. The covalency parameters for 
the A site were sought by direct comparison of the calculated magnetic structure factors 
with experimental ones by a least squares procedure. A least squares refinement of these 
parameters starting from the full temperature corrected moment of 4*7 gave values 
of 0-6,0*0 and 0*4 for AJs Al^ and A^ respectively (see figure 6). These values lead to the 
conclusion that about 28 % of the moment density is transferred from the A site Fe^"^ 
ion to the neighbouring four oxygen ligands. To our knowledge, this is the first 
quantitative evaluation of covalency on a Fe^"^ ion in a tetrahedral environment. The 
analysis of the B site magnetisation distribution was less satisfactory since it 
corresponds to some average of the Fe^ and Fe^ distributions. Indeed the hm model 
was considered to be rather inappropriate for this site owing to the large conduction on 
these sites. Moreover, groups of reflections to which only the B site contributes are 
quite small and weak and could not be measured with the desired precision. 

3.1b MnFeiO^: Polarised neutron diffraction measurements were carried out on 
single crystal specimens of MnFe 204 to obtain the three-dimensional magnetic 
structure amplitudes (Srinivasan et al 1974; Paranjpe 1980). This study was preceded by 



Figure 6(a). For caption, see p. 314. 




Neutron investigation of ferrites 


313 





0.0 0.2 0.4 0.6 0.8 1.0 

SlnGAA -► 



Figure 6(b). For caption, see p. 314. 


an unpolarised neutron diffraction study wherein the high angle Bragg intensities were 
analysed to obtain the cations distribution. It was found that these specimens were 
about 92% normal, confirming a similar conclusion drawn earlier from powder 
specimens of MnFe 204 (vide § 2.1b), The magnetic structure amplitudes were analysed 
in Fourier space to obtain the site moments on the A and B sites as also their asphericity. 
We recall that the situation in MnFe 204 is more complicated than in Fe 304 in the sense 
that in the former both the A and B sites are randomly occupied (albeit in different 
proportions) by Fe^ and Mn^ ions. The magnetic moment on the A site was found to 
be 4-22 with an excess of about 10 % of 72 symmetry. The B site moment on the other 
hand was found to be less i.e. 3.16 with a deficiency of about 4% of T 2 g symmetry. 
These are the room temperature values which when normalised to 0°K turn out to be 
5 fig and 3-88 for the A and B sites respectively. It must be remarked, however, that 
while the A site moment was refined from purely the A site reflections, the B site 
moment was refined from the mixed reflections (the B site reflections being few and 
quite weak and hence difficult to observe). Therefore, while the rather low moment on 
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the B site (predominantly occupied by may point out to important covalent 

effects, a full quantitative evaluation of the covalency parameters may not be justified. 
The principal conclusion one can draw from this study is that unlike the Fe^"^ ion on 
the A site in FeaO^, the /4 site ion (predominantly the Mn^ ion) in MnFe 204 is almost 
fully ionic in character with practically no covalent character. 

4. Paramagnetic studies in mixed ferrites 

An experimental knowledge of the exchange integrals is basic to the understanding of 
the various magnetic properties of solids such as its magnetic structure and transition 
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temperature. In spinel ferrites particularly, where the cation distribution and the 
relative values of the exchange interactions influence the nature of magnetic ordering, 
such a knowledge is extremely useful. Temperature dependence of sublattice magnetis¬ 
ation as well as paramagnetic susceptibility data are often insensitive to some of the 
exchange interactions and their analysis takes recourse to molecular field theory. 
However, as Smart (1963) has pointed out the molecular field method is a poor 
approximation for evaluating exchange integrals in spinels. On the other hand, the 
paramagnetic neutron scattering technique offers itself as a simple yet powerful tool in 
directly evaluating exchange integrals in powder specimens in their paramagnetic 
phase. The theory underlying this technique is quite general and is applicable to any 
ionic system coupled together by the Heisenberg Hamiltonian. At Trombay we had 
exploited this technique extensively to evaluate exchange integrals in a number of 
magnetic insulators (Satya Murthy and Madhav Rao 1968; Madhav Rao 1970). It is 
especially suitable to those systems characterised by just one or two important 
exchange interactions. 

Following Van Hove (1954) we can express the double differential scattering cross- 
section for neutrons scattered from an assembly of spins as follows: 


d^cr. 

dOdo) 


=—A{k,k')m,co) 


(7) 


where 

A {k, k’) = ( - S(S + 1) i F(Q)|2; Q = k' -k, (8) 

\Tnc j K 

and 

+ 00 

= E I <5„(o).SR(t)>exp[i(Q.K-a>t)]- (9) 

- ao 

K and k' are the initial and final wave vectors of the neutron, F (Q) in the magnetic form 
factor, RQ and Rw are the momentum and energy transfers respectively suffered by the 
neutron in the process of scattering, ^(Q, cd) called the scattering law is the spatial and 
temporal Fourier transform of the spin correlation function <S^ (t>).Sg (t) >. The spin 
correlation function physically signifies the probability that a spin at R and at time t is 
parallel to another spin at O and t = 0. In the paramagnetic pha^ where there is no 
static spin structure <S,,(o)*Sg(t)> = 0 for R ^ 0 and r = 0. However, for all other 
values of t, the spins are dynamically coupled through exchange forces and the 
correlation function is finite. De Gennes (1958) was the first to have examined several 
interesting features of the scattering law ^ (Q, co) by the method of moments. He showed 
that for large momentum transfers i.e. Qbp n (when b is the separation distance 
between the magnetic ions), the scattered neutron energy distribution is essentially 
Gaussian and independent of Q. That is 

( 27 ^) 

where the second moment <a)^> is given as 
<co^> = ^S(S + l)^z,J? 


(11) 
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zj is the number of /th neighbours of a magnetic ion and Jf is the corresponding 
exchange integral. Clearly, the paramagnetic neutron scattering technique is suitable 
for magnetic systems characterised by very few exchange interactions and most suitable 
when only one exchange integral is dominant. 

Paramagnetic neutron scattering studies were carried out on powder specimens of 
ZnFeiO^, ZnCr204 and MnAl204 with a view to determining the exchange 
interactions between Fe^^-Fe^^, Cr^^-Cr^^ and Mn^^-Mn^^ (Satya Murthy etal 
1971b). These experiments were performed on the rotating crystal spectrometer at the 
ciRus reactor which furnishes a cold neutron beam of 4T A. The energy analysis was 
done by the time-of-flight technique. 

4.1 Results and discussion 

Figure 7 shows the typical time-of-flight distribution of 4T A neutrons scattered by 
ZnFe204. ZnFe204 and ZnCr204 were completely normal from room temperature 
diffraction patterns (Satya Murthy et al 1971b) and hence the only exchange integrals 
operating are those between the B sites ions. The experiments yielded the dominant 
interactions in the two cases as Jflj(Fe^‘‘'-Fe^‘'’) = 1‘04K and (Cr^’^’-Cr^'*') 



Figure 7. At the top is shown the “raw” time-of-flight spectrtim of 4.1 A neutrons scattered 
from ZnFe20^ powder at 85 K and at scattering angle 44®. The final corrected intensity plotted 
on a semi-logarithmic scale against the square of the energy transfer is shown at the bottom. 
The gaussian nature of the energy distribution is clearly seen. The inverse of the slope of the 
straight line yields the second moment. 
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= 2-38 K. Both ZnFe 204 and ZnCr 204 are known to have complicated types of 
ordering at low temperatures and these have been argued as due to the influence of 
distant neighbour B~B interactions. However, we can expect these interactions to be 
atleast an order of magnitude smaller than the dominant nearest neighbour B-B 
superexchange. In the paramagnetic scattering experiments the energy exchange with 
the neutron can be reasonably assumed to arise mainly from this dominant interaction 
(especially as the second moment involves the squares of J’s). 

In the case of MnAl 204 the sample was found to have a snaall inversion of 9 % and 
hence there is, in addition to a significant interaction between the Mn^*^ ions. 
Using therefore a molecular field expression for (= 18 K) along with the second 
moment of the scattered energy distribution, it was found that (Mn^^-Mn^"^) = 
-021 Kand J^ 5 (Mn^'^-Mn^^) = -16 K. It is interesting to recall that in MnAl 204 , 
Friedman and Goland (1966) also using a neutron scattering method derived 
(Mn^'^-Mn^'^) as 2-2 K ignoring the small inversion. Although we used a molecular 
field expression for , the widely different values of underline the importance of 
taking into account inversion in view of the dominant nature of 


5. Spin wave dispersion in MnFe 204 and Lio ia Fe 2.87 04 

While the paramagnetic neutron scattering technique is admittedly a powerful tool to 
probe exchange interactions only in a specific class of magnetic insulators, the most 
detailed informations of exchange interactions (their relative strength and range) and 
other dynamical features can be had only from mapping of spinwave dispersion 
relations. Such measurements are however difficult and time-consuming since they 
need fairly large single crystal specimens and good neutron fluxes. In this section we 
shall briefly describe such measurements done at Trombay on two single crystals 
specimens; MnFe 204 (Rakhecha et al 1972, 1974) and Lio. 13 Fe 2 . 87 O 4 (Rakhecha et al 
1976). 

5.1 MnFe204. 

The MnFe 204 single crystal used was pyramidal in form, 20 mm high and 15 mm in 
diameter at the base. A diffraction measurement made on a small chip of this block 
confirmed that this specimen was 92% normal. The acoustic spinwave dispersion 
measurements were performed on the polarised neutron diffractometer using the Bragg 
misset method. This technique facilitates easy isolation of pure spinwave scattering. 
The measurements essentially consisted of measuring the angular width of the diffuse 
spinwave scattering (i.e, by calipering the spinwave “scattering surface”) and then 
deducing the spinwave dispersion ho versus q (q is the wavevector and ho the energy) 
by an indirect iterative procedure which assumes an isotropic polynomial dispersion 
relation. Thus in this technique no explicit energy analysis of the scattered neutron is 
involved. The effective inter-sublattice exchange constant J between the A and B 
magnetic sublattices was evaluated at all temperatures of measurement (300 K, 393 K, 
450 K with = 560 K) in the framework of spinwave theory for ferrites in the 
Heisenberg model. (We recall that in MnFe 204 there is exchange disorder but no spin 
disorder since both Mn^"*" and Fe^"^ have S = 5/2.) It may be pointed that the acoustic 
spinwave branch is most sensitive to , and the value of this parameter at room 
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temperature was evaluated to be — 15*1 + 0*5 K. Extrapolating this value of 0 K, from 
the known magnetisation curve, at 0 K turns out to be — 1 8*9 K. This value of 
exchange constant represents closely the Mn^'^ (AyFc^^iB) exchange integral and is 
probably the first such direct measurement of this quantity in a ferrite. The spinwave 
dispersions at three different temperatures are shown in figure 8 . Distinct softening of 
the spin-waves due to spinwave renormalization is seen as one approaches T ^. This 
renormalization was found to scale essentially as {the sublattice magnetisation 
with a very weak dependence on the wavevector q. 

5.2 3E^2-g7^4. 

The motivation for exploring the spinwave dispersion in this crystal stemmed from 
similar measurements done on Fe 304 (Brockhouse and Watanabe 1963) and on 
Lio. 5 pe 2 . 504 {Wanic et al 1972). The Li*^ ions go substitutionally to the octahedral B 
sites and affect the cation distribution only on their sites. In particular, the proportion 
of Fe^"^ ions is increased at the expense of Fe^"^ ions and for Lio. 5 Fe 2 . 5 O 4 only Fe^"^ 
ions are left on the B site. Despite the introduction of nonmagnetic Li"^ ions on the B 
sites, the N 6 el temperature is higher for Lio.5Fe2.5O4 than in Fe 304 and so are the 
spinwave energies. This may be construed as showing the larger value of (Fe^"^- 
Fe^"^) exchange as compared to ^^^(Fe^'^-Fe^'^). It seemed interesting to explore this 
point further with the ferrite Lio. 13 Fe 2 . 87 O 4 which has an intermediate composition. 
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Unlike in the case of MnFe 204 , the acoustic spinwaves were measured by an explicit 
energy analysis on the triple axis spectrometer at Trombay, along the < 001 > direction 
using the ‘constant Q ‘constant E modes. The dispersion was measured upto 0*55 of the 
Brillouin zone boundary and upto much higher spin wave energies (~ 50meV) as 
compared to 15 meV in the previous technique on MnFe 204 . For a given q value the 
spinwave energies in Lio. 13 Fe 2 . 87 O 4 were seen to be slightly higher than in Fe 304 but 
lower than in Lio. 5 Fe 2 . 5 O 4 . The effective exchange integral deduced, in the 
Heisenberg model was — 30* 1 ± 0*75 K and was seen to be practically the same as that 
for Fe 304 and for Lio.s Fe 2.504 within the experimental accuracy. 


6 . Concluding remarks and acknowledgement 
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Studies of materials using polarised neutrons 


P RADHAKRISHNA 

Laboratoire Ldon Brillouin CEN Saclay, 91191 Gif-sur-Yvette, France 

Abstract. The scattering cross-sections of a polarised neutron beam, incident on a magnetic 
sample, are a function of the polarisation of the beam, and of the nuclear and magnetic 
structure of the sample. An analysis of the polarisation of the scattered neutrons is valuable in 
isolating magnetic contributions. 

The spin distribution, obtained by Fourier inversion of the magnetic structure factors 
calculated from the cross-sections, has been studied in ferromagnetic metals, intermetallic 
compounds and alloys. Applications of the method to the study of anti-ferromagnets and 
canted ferromagnets are outlined. Paramagnetic metals, solid organic radicals and trans¬ 
uranium elements have spin distributions in which orbital and other effects can be compared 
with theory. 

The value of polarisation analysis and some of the new technical developments which have 
made it possible are described. Applications to inelastic phenomena are mentioned. 

Keywords. Polarized neutrons; spin distribution; Fourier inversion; magnetic structure 
factor; ferromagnetic metal; intermetallic compound. 


Neutrons are uncharged particles of spin 1 jl and the scattering cross-section from a 
target with a preferred magnetic axis depends on the relative orientation of this axis 
and the spin. In the case of an incident polarised beam, the measurement of the cross- 
section as a function of the initial polarisation can give information concerning the 
scatterer with a preferred axis system. 

In the simplest application, in which no spin analysis after scattering is performed, 
the incident beam is usually polarised alternately parallel and antiparallel to a 
magnetic field, and is thus in one of the two possible spin eigenstates. The cross- 
sections, for a target in which the magnetic moments are aligned in an external field, are 
measured, and scaled to the nuclear Bragg intensities. The magnetic structure factors 
can then be calculated, after a certain number of corrections, for extinction, 
depolarisation etc. 

The earliest application of the technique was the determination of magnetic 
structure factors in the ferromagnetic metals, such as iron, cobalt and nickel by Shull 
and Yamada, Shull and Mook, Moon and Mook. The magnetisation distribution in 
real space, obtained by Fourier inversion was analysed in two ways. In one case, the 
structure factors were fitted to a model in which the contributions included spin, 
orbital and diffuse parts. In the other, contour maps, showing the variation of the spin 
density throughout the unit cell, were built up. These contours showed that the 
distribution was aspherical and that there were regions of negative magnetization in 
the region between the atoms. 

In ferromagnetic intermetallic compounds in which several crystallographic sites are 
occupied, polarised neutron measurements can often be used to determine the 
individual moments, and thus clarify the role of the atomic environment in inducing 
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them. In the Heusler alloys, for example in Cu 2 MnAl, there are four sites, labelled A, 
B, C, and D in the superlattice structure. When perfectly ordered, the equivalent A and 
C sites are occupied by copper, the B sites by A1 and the D sites by manganese. The 
structure factors for the different reflections can be analysed to give the individual 
moments. In the copper Heusler, for instance, all the magnetization is due to the D sites. 

No 4d- or 5d- transition metals order, but some of their alloys like MnPt 3 do, and 
contour maps of the spin density in the unit cell, obtained from polarised neutron 
diffraction, can be interpreted in terms of the magnetic contributions of the 4d- and 
5d- electrons. 

In dilute alloys, the interest centers around the effect of the matrix on the moment of 
the impurity atom and the effect of the latter on long range order in the matrix. The 
magnetic contributions to the diffuse background for spin-up and spin-down, in such 
alloys can be separated, without polarisation analysis in the case of ferromagnetism. In 
other cases, as shown by Hicks, Cable and others, analysis of the spin state of the 
scattered beam is necessary. Fourier inversion of the diffuse intensity gives the spatial 
distribution of the magnetic disturbance, expressed as a deviation from the moment 
density of the unperturbed matrix. Remarkable effects can occur. Cobalt (1 -2 %) in 
iron reduces its moment from 2-2 pB to 2*1 pB but Ti and Cr give oppositely directed 
moments of — 0-7 pB. Significant redistribution of the moments can occur out to the 
fourth or fifth nearest neighbours. 


Very useful permanent magnets with high saturation magnetization and high 
coercivity have recently been developed on the basis of the rare earth intermetallics 
such as SmCo^. A detailed study of a prototype, containing yttrium, was undertaken 
by Tasset using polarised and unpolarised neutron diffraction. In these compounds 
there are two sites for the cobalt in the hexagonal structure, and one of them is in a layer 
containing yttrium atoms as well. These sites for the cobalt have much larger moments 
and a large orbital moment. They are responsible for the large magnetocrystalline 
anisotropy of Y 2 C 05 . Such studies, in which the orbital contributions are referred to 

the environment, can lead to a better understanding of these materials for technological 
purposes. 

The importance of garnets in optical and microwave techniques is well known. Bonnet 
et id studied yttrium iron garnet in which there are two sites, one with an octahedral, 
and the other with a tetrahedral, environment. After extinction corrections, due to the 
perfecfion of these crystals, they found a moment of 3*76/zB on the octahedral, and 
a^ut 349 pB on the tetrahedral sites. In addition, a moment of0*036 pB was found on 
th^xygen ligands. Calculations on the reasons for this difference are in progress. 

The importance of the study of antiferromagnetic ionic compounds, lies in the fact 
that It is apt to give information concerning orbital magnetic moments. These 
moinents arc directionally coupled to the crystal lattice by the ligand field and by 
covalency. The spin direction is thus linked to the lattice through the spin-orbit 
^pling. Such effects are responsible for magnetocrystalline anisotropy,,which has 
great importance in technology. 

^ depends on the different form factors of the orbital 

o?biS«tra"rI. m^surements of the spin density in MnF, in which 

romaenetic ISO' P ’ ^ showed that the population of antifer- 

fliooinc ration of ®''®*“ated by polarised neutron diffraction. The 

flippmg ratios of a selected reflection ( 210 ) were related reciprocally for the two 
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domains. Later studies by the author on cobalt difluoride, in which orbital effects exist, 
concentrated on the enhancement of the domain populations by using the piezo- 
magnetic effect and their detection with polarised neutrons. 

These domains may eventually have technical applications as memory elements. 
Their direct visualisation has been demonstrated by Schlenker and Baruchel, by 
detection of polarised neutrons diffracted by the (210) reflection, on photographic 
plates. The effects of thermal treatment, stresses, external magnetic fields and 
impurities in MnF 2 were studied. 

The phenomenon of weak ferromagnetism lends itself to a study by polarised 
neutrons, and carbonates of manganese and cobalt, haematite, nickel fluoride have 
been studied. In these compounds, certain reflections mirror the distribution of the 
ferromagnetic moment while others depend on the antiferromagnetic distribution. 
Often the magnetic moments are weakly canted, and mechanisms due to Moriya and 
Dzyaloshinsky invoke spin-orbit and crystalline field effects. 

Extensive measurements on rare earth compounds such as RAI 2 have been carried 
out at Grenoble, using polarised beams. Hot neutrons are specially suitable on account 
of the large domain of reciprocal space which is significant, as well as a reduction of 
extinction and absorption. The graphite sources thermalize the neutrons emerging 
from the reactor to wavelengths of about 0*5 A, at the ill, and at the llb, where the 
author has built a spectrometer of this kind. 

The direct observation of the magnetisation density in rare earth compounds is 
related to the state of the 4/ion, which results from an interaction between crystal field 
effects and exchange interactions. Interesting effects connected with the orbital 
contribution have been demonstrated. The unusual temperature dependence of the 
samarium moment is due to such effects. In certain cases, specially in the RAI 2 {e.g, 
NdAl 2 ) compounds, the accurate determination of the ground state is possible. The 
existence of an additional contribution to the magnetisation density due to the 
conduction electrons has been shown in several cases. 

In recent years, the application of band structure calculations in understanding 
physical properties is on the increase. The paramagnetic form factors of pure metals 
provide a test of the accuracy of models based on solid state wave functions, which are 
not directly accessible, as a rule. The availability of superconducting magnets has made 
it possible to measure the induced moment form factor in several metals. The induced 
moments are of the order of milli-Bohr magnetons. Long counting times are involved 
and several side effects have to be corrected for. Measurements on Sc, Ti, V, Cr, Zr, Pd, 
etc have been made, but the number is limited by the susceptibility. 

The Apw calculations for some of the metals are in such good agreement with the 
spin-only form-factor, that the role of the orbital contribution requires clarification. 
Technetium and rhodium have been recently studied by the author and a comparison 
with theory is in progress. 

The importance of free organic radicals in biological effects and other fields is well- 
known. Solid free radicals, which can be crystallized, lend themselves to a study by 
polarised neutrons. Very often, however, a complete set of structure factors, enough 
for a full Fourier analysis, are not available, and the data can be analyzed in terms of a 
multipole expansion around the atomic centres, leading to an analytical expression for 
spin density. F Brown, A Capiomont, B Gillon and J Schweizer applied this method to 
a nitroxide radical containing a suberate and showed' that the unpaired electron in the 
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nitroxide is equally shared between the oxygen and the nitrogen, in contradiction with 
the theory based on simple model calculations. A similar study on ddph, a free radical 
well known as a frequency standard in esr, is due to B Gillion. She has shown that the 
polarised neutron technique can in certain cases be applied to non-centrosymmetric 
structures and the spin density is represented by a multipole expansion in real spherical 
harmonics and the fit to experimental data defines the parameters in this representa¬ 
tion. The measurements of the flipping ratios carried out in a 4-65 Tesla field at 4-2 K 
showed that the spin density is mostly shared between the two nitrogen atoms, but a 
part is also delocalised on the two phenyl and picryl groups. 

The magnetic form factor of transuranium elements and their compounds has 
attracted attention recently, although the well known difiiculties of handling them 
have delayed much work. The 5/ electrons which characterize these elements have a 
larger spatial extent and are more chemically active than the 4/ electrons of the 
lanthanides. They also possess large orbital moments. Polarised neutron measure¬ 
ments on uranium and neptunium oxides, arsenides have been made. 

Polarisation analysis and its applications 

The analysis of the spin state of the neutrons after scattering from a target often 
contains valuable information concerning the system. The possibilities of this 
technique were first pointed out in a classical paper by Moon, Riste and others, in 1968. 
The neutrons incident on the sample are usually polarised and their spin state can be 
flipped before and after scattering. Defining the Z-axis along the polarisation 
direction, four spin-dependent amplitudes are considered. Using the properties of the 
Pauli spin operators, it can be shown that a certain number of consequences occur for 
systems in which no nuclear spin order is present. Isotopic incoherent scattering for 
nonmagnetic samples, with zero nuclear spin, is entirely non spin-flip. Nuclear spin 
incoherent scattering is one-third spin flip, and the rest is non spin-flip. Examples are 
vanadium and water. Coherent nuclear, scattering or Bragg scattering is, on the 
other hand, entirely non-spin-flip. In the case of elastic magnetic, paramagnetic or 
magnetic defect scattering, only the spin component perpendicular to the scattering 
vector is involved. When the neutron polarisation is parallel to this vector, this 
component is zero and all magnetic scattering is spin-flip, while it is one half spin flip 
when the polarisation is orthogonal to it. A valuable general method of separating 
paramagnetic scattering from other processes is thus available. The paramagnetic 
scattering from ^^®Gd, copper-manganese spin glasses, and amorphous erbium-cobalt 
compounds has given valuable information on the spin arrangement in these materials. 

Polarisation analysis has recently enjoyed a measure of popularity on account of 
several technical developments which have alleviated the difiiculties of adequate 
intensity. Some of these will be mentioned before citing further applications of the 
technique. 

The replacement of crystal polarisers, such as copper Heuslers, for long wave¬ 
lengths, by reflecting devices which operate over a wide wavelength range has been very 
significant. Schaerpf described the construction of supermirror polarisers which are 
small, short, only about 30 cm long^ and very efficient. They have a polarising efficiency 
of about 97 % and a transmission of 60 to 80 % of the correct spin above 4*4 A. A 
typical unit consists of mirrors deposited on 0-1 nun thick pyrex glass sheets. Eighty 
layers of titanium and cobalt are deposited on them, with a gradient of lattice constant, 
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such that the angle of reflection of the cobalt increases by a factor of two. An anti¬ 
reflecting layer of gadolinium and titanium between the cobalt and the glass removes 
the total reflection of the unwanted spin by the glass substrate. These mirrors, curved 
to a radius of 10 metres, are arranged in a Soller collimator, and magnetised by ferrite 
magnets. Banks of such supermirrors have been installed on a spectrometer for diffuse 
scattering at the ill. The Brookhaven group has developed a programme of polarised 
neutron inelastic studies for which two types of polariser were found necessary. They 
have extended the use of selected Heusler crystals and also of iron-germanium 
multilayers of 40 A thickness with lattice spacings of about 40 A. For a triple axis, good 
Heusler crystals are almost as advantageous as multilayer devices. 

Among the more significant studies using this technique, the measurements of the 
scattering due to spin correlations above the critical temperature in iron, nickel, 
manganese and chromium by K Ziebeck and J Brown are of great interest. Shirane and 
his collaborators have also studied nickel, iron and iron-4 % Si using a triple axis and a 
Heusler analyzer, and have found no spin waves above disagreeing with earlier 
conclusions due to Lynn and Mook. 

In amorphous erbium-cobalt, which is a magnetic glass, polarisation analysis has 
been used to separate the nuclear and magnetic scattering, revealing magnetic 
correlations between the erbium and the cobalt moments with an angular dependence. 
Studies on intermediate valency compounds, like SmS, have thrown light on the 
possibility of distinguishing between the valence states. 

In an isotropic Heisenberg ferromagnet, spin wave creation peaks occur only in the 
(H—) spin wave cross-section. A study of ferromagnetic chains in caesium nickel 
fluoride due to Kakurai, Steiner and others, using a polarising supermirror and a 
Heusler analyser, showed that a spin wave peak also occurs unexpectedly in the (—h) 
spectrum as well, and this fact was attributed to the anisotropy of the spin 
Hamiltonian. An example of the use of polarisation analysis in the separation of 
phonons and magnons is due to Stirling et al, in palladium-iron, in which they have 
similari frequencies near the zone-boundary. A clean separation of the phonons and 
magnons is obtained using incident polarised neutrons and an analyser of copper or 
graphite. Other examples of the use of polarised neutrons in magnetism are afforded by 
the demonstration of the magnetic nature of the central peak in Pr by spin-flip 
scattering, and the absence of a roton-like minimum in amorphous ferromagnets of 
iron-boron. The latter could only be studied with a polarising analyser, on account of 
interfering phonons. ' 

In this context, the spin echo method for high resolution inelastic measurements 
developed by Mezei deserves special mention. In this method, an initially polarised, 
poorly monochromatic, beam performs Larmor precessions while traversing a region 
of uniform magnetic field. After scattering, the neutrons trasverse another field region 
in which they process in the opposite sense, and the final polarisation depends on the 
energy change. Extremely high resolutions of the order of nanovolts is available and 
the applications of the technique to studies in critical phenomena, to liquid helium, to 
spin glasses like CuMn etc, and in colloids and micelle movements are already too 
numerous to describe in detail. 

New developments like extensions of the supermirror technique to shorter 
wavelengths, the further development of time of flight using pulsed flippers, and 
transmission filters using samarium salts at low temperatures can be expected to add to 
the interest of polarised neutrons for quite some time. 
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Abstract. The paper reviews the quasi-elastic neutron scattering activities at the Bhabha 
Atomic Research Centre and demonstrates how this technique gives information on rates and 
geometries of stochastic motions in liquids and solids. 
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1. Introduction 

This article for the memorial volume of Dr N S Satya Murthy is being written with a 
special sense of loss. I first came to know him when we joined the Training School of the 
then Atomic Energy Establishment, Trombay in July 1957. We graduated in August 
1958 and joined the Establishment to work under P K Iyengar who was just starting 
neutron scattering activities at Trombay. Observation of the first diffraction pattern at 
Trombay, the first phonon, paramagnetic scattering-were all exciting events for us. 
There were many other shared scientific and personal experiences over more than 
twenty five years. I have chosen here to write about the growth over this period, of a part 
of neutron scattering, which is still alive and active. This is a dedication to a scientist 
whose judgement I valued and to a friend. 


1.1 Neutron scattering 

Neutron scattering is a multi-technique capable of giving a wide variety of information 
on different types of materials. This can be appreciated when one recalls that a neutron 
can get either scattered from the nucleus or magnetically from the electrons; it can be 
either coherently scattered or incoherently; the scattering could further be elastic, 
quasi-elastic or inelastic. The power of the method comes from the fact that it is possible 
by the present techniques to separate each one of these scatterings and thus gain 
information about different properties. In this article we will discuss the scope of 
incoherent quasi elastic neutron scattering. 

Neutron scattering is ‘elastic’ if, in the scattering material, there is a time averaged 
static distribution of atoms over a time period large as compared to neutron interaction 
time. Typically with the best neutron spectrometers today times larger than 10 ^ sec 
can essentially be considered too large and the scattering would be ‘elastic if the 
characteristic time of any dynamic process is larger than 10“ sec. Motions faster than 
this can, in principle, be observed provided a suitable spectrometer is available. 
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1.2 Types of motions 

Motion in general can be divided into two types: periodic and random. Periodic 
motions give rise to inelastic scattering, that is, a part of a neutron monochromatic 
beam would be scattered with a finite shift in energy related to the frequency of the 
periodic motion in a simple way. Random motions give rise to quasi-elastic scattering, 
that is, there is a continuous spectrum of energy shifts on both sides of the 
monochromatic energy, and centered about it, leading to a broadened line. Thus, quasi 
elastic scattering is basically a way to study random motions. 

1.3 Types of materials 

There is a large variety of materials in which random motions take place. Diffusion of 
molecules is one example which is most easily observed in liquids. Usually though, this 
is too slow in solids to be comfortably observed by neutrons. There are, however, 
special situations where it is not so. For example, hydrogen in certain metals diffuses 
fast enough to be easily observed by neutrons. Superionic conductors show fast 
movement of certain ionic species. Diffusion of metals near melting point has also been 
observed. Random motions need not always be translational. Rotational reorientation 
occurs in molecular liquids and a large variety of molecular solids; study of these 
reorientations leads to information on the rotational potential in which the molecules 
reside. Further, there are situations where both translational and rotational motions 
are present at the same time. One also comes across situations where more than one 
type of translational or rotational motion or a combination of them may be present. 

The special advantage of using neutrons to study these materials lies in the fact that it 
is possible to study not only the rates of diffusion but also examine the path or geometry 
of the diffusion. 

In this article we will briefly review some experiments of this type performed at 
Trombay and mention a few other examples. 


2. Principles 

2.1 Basic interaction 

Slow neutrons which typically have wavelengths in the range of 1 to lOA are mainly 
scattered from the nucleus of atoms. The scattering, being essentially from a point 
scatterer 10"^^ cm), is isotropic. The extent of scattering, which is proportional to 
the square of the bound nuclear scattering amplitude, b, varies for any element from one 
isotope to another and also depends on the spin of the scattering nucleus. Hence, in a 
random assembly of atoms a configurational average, < ), has to be taken. This gives 

rise to a ‘coherent’ scattering cross-section, = 4n where the intensity is 
proportional to the square of the average scattering amplitude and an incoherent 
scattering which is the difference between the total, 47 t<b^>, and the coherent 
scattering; —Table 1 gives the coherent and incoherent 
scattering cross-sections and scattering amplitudes for some elements. 

Some features of this table are worth noting: Cjnc for H practically dominates all 
scattering, for H is comparable to that of other elements and the scattering 
amplitudes of H is negative whereas most other elements have a positive value of b. 
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Table 1. Coherent and incoherent scattering cross-sections and scattering amplitudes for 
some metals 



“cm^) 


b(10"‘^cm) 

H 

1-759 

79-7 

-0-3741 

D 

5-597 

2-0 

0-6674 

C 

5-554 

0-0 

0-6648 

0 

4-235 

0-0 

0-5805 

Fe 

11-437 

0-21 

0-954 

Pb 

11-106 

0-0 

0-9401 



Figure 1. A typical arrangement for neutron scattering experiment. 


These along with the other properties of neutrons, that is, their high penetrability in 
materials and wavelength-energy (A — Eq) relationship similar in order-of-magnitude to 
that of material lattices are utilised in most neutron scattering experiments. In the 
problems which we will be discussing in this paper we confine ourselves to incoherent 
scattering from hydrogenous materials. 

A typical block diagram for a neutron scattering experiment is shown in figure 1. A 
nuclear reactor provides a continuous source of polychromatic neutrons. A monochro¬ 
mator which may be just a large single crystal or a more complicated mechanical device, 
is used to get a mono-energetic beam of neutrons of energy Eq having a wavelength A© 
and wave-vector k©; \ko\ = In] Xq, These neutrons are scattered from the material under 
study. In a diffraction experiment one measures the angular distribution of the 
scattered neutrons. In a more general inelastic or quasi-elastic scattering experiment 
both the angular (giving wavevector transfer, Q) and energy distributions are measured. 
Thus, in the latter the scattering cross-section for wavevector transfer Q = k'o — k' and 
energy transfer, £ = fiw = £o “ are determined. The instruments used at Trombay 
are a rotating crystal spectrometer which gives incident pulsed neutrons of 4*87 meV 
which after scattering are energy analysed by a time-of-flight technique and a triple axis 
spectrometer which gives neutrons of 14meV which after scattering, are analysed by 
means of crystal diffraction. 


2.2 Cross sections 


The partial differential cross section per unit energy interval per unit solid angle for 
incoherent scattering from an atom can be written as 


^ ^inc _ 1 ^inc c (Q 

dfldF fi/co 47r ^ 


where (Q, w) is the incoherent scattering function corresponding to the atom from 





330 


B A Dasannacharya 


which the incoherent scattering is being considered. If there are several different types 
of incoherent scatterer one has to take a sum over all the scatterers. 

The scattering function has been shown by Van Hove to be the double Fourier 
transform over space and time of the self correlation function, Gs(r, t), of the 
incoherently scattering atom. 

5^inc(Q>’v) = exp[i(fiw-QT)] Gj(r, r)drdt 

For classical systems Gs(r, t) has a simple physical meaning and gives the probability 
of finding the atom in a unit volume at a position r at time t given that it was at the origin 
at time t = 0. This interpretation allows one to calculate the scattering function in a 
convenient way for various physical situations. 


3. Experimental results 

3.1 Liquids 

Some of the earliest observations of quasi-elastic scattering were those of Brockhouse 
(1958) on water. The group at Chalk River (Brockhouse et al 1963) later derived the self 
correlation function of hydrogen from their measurements on water. A very large 
number of measurements were made during these years on water. The importance of 
the molecular rotations was not fully appreciated in the early measurements; the 
observations were most often separated into quasi-elastic and inelastic parts and 
separately interpreted. The first measurement of quasi-elastic scattering at Trombay 
was on liquid CH 4 (Dasannacharya et al 1965) to be followed by liquid CD 4 
(Venkatraman et al 1967) and liquid NH3 (Dasannacharya et al 1972). Some of the early 
measurements on CH4 in the condensed state had suggested that rotations in CH4 may 
be nearly free as they are in liquid H 2 , the only other known example of a free rotor. The 
rotational transitions in free CH4 are l*3meV apart and it was possible to answer 
this question with the available resolution on the rotating crystal spectrometer if the 
exp>eriments were performed on small enough wave-vector transfers. The first 
experiments showed that rotations were not free but somewhat hindered. It was 
possible to put this on a more quantitative basis and also relate it to infra-red and 
Raman scattering measurements (Venkatraman et al 1967) through the formulation 
given by Sears (1967). These measurements also showed that rotations in liquid 
methane were similar to that in solid methane just below the melting point where the 
solid is in plastic phase (See figure 2). Later, it was proposed by Agarwal and Yip (1967) 
that, to a good approximation, it is possible to relate the neutron spectra to the lowest 
order angular correlation function which can also be measured by infra-red measure¬ 
ments. The experiments on liquid ammonia at Trombay were analysed using this 
approach and the angular correlation function derived from this (see figure 3, Thaper 
and Dasannacharya 1974). 

3.2 Solids 

Though the rotational motion in solid CH 4 was observed experimentally 
(Dasannacharya et al 1965) its importance was not fully appreciated partly because the 
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Figure 2. Spectrum of neutrons scattered from 
liquid (•) and solid (o) methane just above and 
below the melting point. The large hump indicates 
similarity of rotational motion in the solid and 
liquid states (Dasannacharya et al 1965). 



t** ( Reduced time ) 


Figure 3. The first order angular cor¬ 
relation function for liquid NH 3 
(Thaper and Dasannacharya 1974). 


measurements were made with a good resolution which resulted in the elastic peak 
being completely separated from the quasi-elastic rotational background. Skold (1968) 
interpreted results of Brugger on solid CH4. and showed that neutron spectra from 
molecular solids consists of a sum of an elastic and a quasi-elastic part. Almost 
simultaneously the results of Stockmayer and Stiller (1968) on adamantane were 
published. These were followed by measurements by Lechner et al (1969) from Argonne 
on neopentane and Kim et al (1970) from Trombay on ammonium sulphate. To 
understand these measurements let us look at some general features of quasi-elastic 
scattering from molecular solids. 

The incoherent scattering from a hydrogen atom in reorienting a molecjalar group 
like NH4, CH4, CH3 etc. is given by 
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with the normalising condition '^pQp [Q) + ^4(0 = 1. The relative intensity of the elastic 
and quasi-elastic part depend on the geometry of molecular reorientation. The width of 
the Lorentzian is related to the reorientation rate. 

It is also possible to do a fixed elastic window (few) experiment (Brockhouse 1958) in 
which one detects only the elastically scattered neutrons within the resolution. Such an 
experiment examines the first term in the above equation along with a small 
contribution from the second term depending on the relative values of fp (Q) and the 
resolution of the instrument. This method being quick can be used for an initial survey 
of the problem giving information either as a function of wave-vector transfer, g, or 
temperature, T, or both. 

Figure 4 shows typical neutron scattering spectra when (a) characteristic reorien¬ 
tation time, T, is much larger than h/A£^ (b) when they are comparable and (c) when 
T ^ /i/A£^ where A£^ is the width of the energy resolution. These three conditions can 
be obtained in the same sample depending on temperature as shown on the right half of 
figure 4. A fixed elastic window experiment corresponding to the same temperature 
range would show a variation indicated at (e), starting from exp( —2IF(7’i)) at low 
temperature Ti and reaching A{Q) exp (- 2W{ Ti)) at the higher temperature 7^2, where 
exp 1 — 2W) is the Debye-Waller factor. 

From a detailed analysis of the spectra one measures A (g) and the characteristic 
times. A rough estimate of these can also be obtained from few experiments. We are 
now in a position to present some of the experimental results. 


3.3 Ammonium sulphate 

Ammonium sulphate is an improper ferroelectric {T^ = 50°C); it is isomorphous with 
potassium sulphate which is not ferroelectric. It is, therefore, of interest to know the 
nature of hydrogen bonding and hydrogen dynamics across the phase transition in 


IDEAL REAL 



Figure 4. A typical quasi-elastic (q.e.) neutron scattering spectrum from a molecular solid 
consists of an elastic line and a broadened quasi-elastic line (a, b, c). If the q.e. component is 
comparable in width to the resolution one does not observe a broadening in a real experiment 
(a) so also if the q.e. component is very large compared to resolution no broadening is observed 
(c). The width variation is shown in (d), AEp being the resolution, (e) shows the variation in 
intensity in a fixed-elastic window experiment as a function of temperature. 
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(NH4)2S04 and in mixed salts of K2SO4 — (NH4)2 SO4, which show ferroelectricity 
when the ammonium content is more than about 45 %. There was a suggestion by 
O’Reilly and Tsang (1967) that the onset of ferroelectricity is connected with the 
cessation of flipping of ammonium ions by about 60° as ammonium sulphate 
goes into the ferroelectric phase whereas Schlemper and Hamilton (1966) had 
suggested a model based on the character of the hydrogen bond. 

Quasi-elastic scattering from (NH 4 ) 2 S 04 as well as ((NH 4 )o.i 6 Ko. 84 ) 2 S 04 was 
studied at Trombay (Goyal and Dasannacharya 1978) as a function of temperature in 
the paraelectric phase of this material. By making measurements on these two samples 
it was possible to separately measure the reorientation rates and geometry of 
reorientation. Figure 5 shows the average form-factor for the two NH4 and also for 
NH 4 (I) of the mixed system. The form-factors are consistent with a 120° reorientation 
about the NH bonds. At room temperature the reorientation times associated with 
NH 4 (I) and NH 4 (II) are 12 /xsec. The temperature dependence of the width of the 
quasi-elastic scattering is shown in figure 6 , which is similar to the typical graph shown 
in figure 4(d). The activation energy for reorientation from the temperature dependence 
was derived to be l*27kcal/mole. 

The resolution in these measurements was not good enough {AE 200 /zeV) to study 
the ferroelectric phase. To understand this a fixed elastic-^window experiment was done 
with a resolution of 1 fitW and the typical few curve (figure 7) consistent with nmr 
experiment was observed (Dasannacharya et al 1982). This resolution is actually too 
good to study the transition. It is, therefore, now planned to do these measurements 
through the transition temperature on a spectrometer with a 50 fj,eV resolution 
(Dasannacharya et al 1985). 



Figure 5. Average form factor of NH4 ions in (NH4)2S04 and that of NH4 (I) in 

((NH4)o.16Ko.84)2S04. 
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Figure 6. Temperature dependence of the width of 
the elastic plus quasi-elastic scattering in (NH 4 ) 2 S 04 , 
similar to 4d. 


Figure ?• Temperature dependence of the fixed- 
elastic window experiment at Q = 1.85A°"^ and 
1.36A'‘’‘ in (NH 4 ) 2 S 04 . 


Similar measurements have also been carried out on (NH^) BeF^ and NH 4 LiS 04 
(Goyal et al 1980). 

2.4 Liquid crystal: H^BPA 

HjcBPA undergoes several phase transitions. Figure 8 shows the neutron spectra 
measured on a rotating crystal spectrometer with a resolution of 200/xeV under 
different conditions, with alignment of the molecule achieved by applying a magnetic 
field. The spectra show broadening in the isotropic, nematic and smectic phases as well 
as in a supercooled smectic state at a temperature where ordinarily Hj^BPA is crystalline. 
Liquid crystals typically would have more than one rotational motion, corresponding 
to chain and body motions. However, body motions may be expected to be slower. If 
only the broadening due to chain motions are observed then the ^ta can be analysed as 
a sum of an elastic part and a quasi-elastic part. The data shown in figure 8 were fitted 
under this assumption. The fits yield the variation of the elastic component versus 
wavevector transfer. If the body rotates along with the chain the variation of the elastic 
intensity would be much steeper than if only the chain motion were important. The 
variation observed suggested that the motion observed in the experiment was that of 
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Figure 8. Spectra of quasielastically scattered neutrons from liquid crystal H*BPA. 


the chain and not of the body plus chain, justifying the analysis a posteriori, A residence 
time in the range 10 "^® to 10 “^^ sec was derived for the chain motions from these 
experiments. This was one of the early measurements on various phases of a liquid 
crystal under a magnetic field (Sinha et al 1974). To observe the body motion much 
higher resolution, < 10/xeV, would be required. Such measurements have been 
performed extensively at the ill, Grenoble. 

2.5 Ammonium halides 

Ammonium halides undergo a number of phase transitions. The highest temperature 
phase in NH 4 X(X = I, Br, Cl) is a Na-Cl type phase which transforms to a disordered 
CsCl type phase. In both these phases the NH 4 ions reorient. A number of neutron 
experiments have been performed on these halides at Trombay (Goyal et al 1973). The 
highest temperature phase is of particular interest since in this phase the tetrahedral 
ammonium ion resides in first neighbour octahedral surroundings (Dasannacharya 
1979). This allows a large number of possible orientations for the NH 4 ion, simulating a 
typical plastic crystal. Further, it is possible to quench the phase transitions to the CsCl 
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type and other lower temperature phases by incorporating NH 4 into KBr, KI or KCl 
lattices, thus allowing one to study this highly orientationally disordered phase right 
down to very low temperatures. To understand the nature of this reorientation it is 
necessary to make a composite study of the diffraction, inelastic scattering and quasi¬ 
elastic scattering. 

A preview of NH^Br, (NH4)o.i6Ko.84 Br (NH 4 )o. 16 *^ 0 - 84 1 and NH 4 I was carried out 
(Goyal and Dasannacharya 1979) using fixed-elastic-window experiments using a triple 
axis spectrometer. This is shown in figure 9. It is noticed that the drop in intensity for 
NH 4 Br, at 300°K in the CsCl phase, is gaussian and similar both for experiments with 
resolution of 1.3 meV and 12meV showing that reorientation in this phase is much 
slower than what can be observed with this resolution. On the contrary the steep non- 
gaussian fall of all other specimens indicates a comparatively faster reorientation which 
is only slightly dependent on temperature (see KI). The fits to the data suggest a 
residence time of NH 4 ions ~ 5 psec. 

These results were further quantified by detailed quasi-elastic scattering experiments. 
Some examples of which are shown in figure 10 (Goyal and Dasannacharya 1979). The 
results of these measurements were analysed on the basis of several models. Figure 11 
shows the anticipated intensity of the ‘elastic’ part of the scattering as calculated on the 
basis of these models compared with the experiments. The data are consistent with 
rotational diffusion (h) and octahedral jump models (c, e and f). However, the analysis 
of the temperature dependence along with diffraction and inelastic scattering data show 
that none of them really describe the correct situation with regard to the geometry of 
reorientation. Inelastic scattering measurements at 1 10°K, in the mixed salts (figure 12 , 
Dasannacharya 1979) clearly showed that librational modes exist (they were not 
observed in NH4I at room temperature due to temperature broadening) ruling out pure 



Figure 9- Fixed elastic window experiment on various ammonium halides. (•) with 
~ 0-22 meV, (o) with A£^ ~ 1-3 meV and (x) with A£jj ~ 12 meV. 
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Figure 10. Typical spectra of neutron scattering from NH* Br and (NH 4 )o.,« Ko- 84 Br Note 
that NH 4 Br on triple axis spectrometer with AE^ ~ 1.3 meV (o) shows no broadening in the 
disordered CsCl phase whereas a broadening is seen in the mixed salt (•) which has a NaCl type 
Structure. 



Figure II. Form factor of NH^ in NH 4 l(o) 
compared with several theoretical models. 


rotational diffusion. At the same time the lack of strong temperature dependence 
between 110°K and 300°K strongly favours against 90° octahedral jumps which must 
require large energy. These contrary features along with the result of diffraction which 
shows peaking of hydrogen density along [100] directions can be interpreted using the 
following model. 

Assume that a hydrogen (Hi) points along one of the [100] directions. During this 
period the other three hydrogens perform a rotational diffusion on a circle per- 
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Drational peak at a larger energy transfer and a translation peak at a smaller one. 


2.6 Miscellaneous remarks 

SlTofTvaii™ hlSL^v hydrogenous substance so far due to 

studied with a resolution of 0 2 mev °r reorientation which can be 

example, quasiXtk ^«erin^“ J' ^“‘™tions can be removed. For 

of Na(Goltz et al 19801 near melf have been made on single crystals 

ionic «) nort^i g^Thltnf T' self diffusion and onTuper- 

scattetSngandthe^L^fL'^s^^;! ^he brck- 

introduced A T-window snectrometer tu ^^solutions < 1 fie\ and the recently 

high and ordinary resolution snectrorT't ^ ^ bridge between the 

ry resolution spectrometers. With the availability of a better neutron 
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source in the form of the Dhruva reactor it would be possible to undertake a wider 
variety of experiments now at Trombay. Satya Murthy was leading the neutron 
scattering effort at Dhruva and it is unfortunate that he did not live to see its 
completion. This effort is being completed by his colleagues and, without naming all of 
them individually, this article is dedicated to his memory as much on their behalf as my 
own. 
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Neutron scattering from fractals 

S K SINHA 

Corporate Research Science Laboratories, Exxon Research and Engineering Company, Route 
22 l^st, Annandale, New Jersey 08801, USA 

Abstract. We describe briefly the concept of fractal dimension as applied to both 
mathematical and statistical fractals. We then discuss the scattering of radiation from fractals 
and describe the results of small angle neutron scattering studies of the aggregation of small 
particles in fractal clusters. 

Keywords. Fractals; fractal dimension; small angle neutron scattering aggregates. 


1. Introduction 


The concept of “fractal dimension”, which has been gaining increasing attention in 
condensed matter physics over the last few years, originates in a purely mathematical 
sense from the study of certain geometrical objects, and has actually been around for 
quite some time (Hausdorff 1919). The modern formulation of this concept, the further 
development of this subject and also the term “fractal” is due to the work of 
Mandelbrodt (1983). In this introduction, I shall attempt to give a physical feeling for 
the concept of an object which has a non-integral dimension. If one considers a 
stretched string, it is clearly a one-dimensional object (at least beyond a length equal to 
the thickness of the string). On the other hand, if one imagines this string placed on a 
surface and looped back and forth so that it begins to almost cover the surface 
completely, it begins to look like a two-dimensional object, and if one imagines it folded 
up in a tight ball, it begins to look three-dimensional Since this is a continuous process, 
and there will in general always be holes (i.e. the object may not be completely space 
filling) at a particular stage, one can then say that the dimensionality of the object 
evolves continuously from 1 to 3. Similarly, a sheet of paper is clearly a two-dimensional 
object, but if it is crumpled continuously onto itself until it is a tight wad of paper, it 
begins to approach being three-dimensional. While the above argument is intuitive in 
understanding, for instance, what one means by an object having a “fractal dimension” 
of 2*5, it is not enough to define the concept of a fractal object. It is necessary to 
introduce the concept of self-similarity or scale invariance. This is really a symmetry 
property (dilation symmetry) and states that a portion of the object, when suitably scale 
expanded, is indistinguishable from the whole object. For the so-called “geometrical 
fractals” formed by mathematical construction, this scale invariance is generally valid 
for discrete scale factors, such as the Koch curve illustrated in figure 1. This curve is 
generated by taking a straight line, and replacing it by a zig-zag made up of three equal 
segments each equal in length to half that of the original line, and then continuing to 
iterate this process. Segments of this curve, blown up by suitable factors of two in length 

341 



•2 


S K Sinha 



Figure 1. \ variation of a Koch curve as an example of a mathematical fractal. The length- 
radius relationship implies a fractal dimension i) — (In 3/ln 2). 


: and suitable rotated, will fit exactly on the original curve. Also the zig-zag nature 
tn to ever smaller length scales) causes a blurring of the original curve so that it 
les a dimension greater than 1, but not quite 2 (it is not completely space-filling). 
;her classic example is the Sierpinski gasket (Sierpinski 1979). On the other hand, 
ical realizations of fractals occurring in Nature possess the symmetry property of 
imilarity only in a statistical sense. For example, a random spatial distribution of 
s on a plane, or spheres in three-dimensions with a power-law size distribution 
I ~ a~*, where a is the radius] possesses the property of scale invariance for all 
h scale changes. 

is property of geometrical scaling, when recognized, brings a remarkable 
letry property out in apparently complex and quite disordered systems, and as in 
ase of Bloch’s theorem for periodic symmetries, results in a mathematical 
)nship involving the structure of the object, as follows: Let N(r) be the number of 
les (or equivalently some measure of the mass) within a radius r of a chosen origin, 
ymmetry with r^pect to scale changes or dilation symmetry implies that 

JV(Ar) = A"N(r) (1) 

A, B are arbitrary constants. Choosing A = 1/r yields 

N(r) cc r® . (2) 

have a scaling law for the mass of the object as a function of the radius r. 

2, 3 will easily be recognized as special cases characteristic of familiar 1, 2 
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and 3-dimensional objects, respectively. However, (2) admits of arbitrary values of the 
exponent D and may be taken as the fundamental equation defining the fractai 
dimension D. (Obviously D > 3 cannot be realized in our ordinary embedding three- 
dimensional space.) The above definition applies to so-called bulk fractals. In the case 
where N(r) denotes the measure of the total surface area within a radius r of some point 
on the surface of an object (such a radius being defined in three dimensions), (2) serves 
to define the surface fractal dimension /),, which must have a value between 2 and 3. 

If (2) holds in a statistical sense around any point on an object (which thus must be 
assumed to be infinite), then it immediately le^s, by differentiation, to an expression 
for the pair-correlation function g(r), defined as the probability density of finding a 
particle at r, given another particle at the origin. The result is 

g(r) = A/r‘‘-‘> (3) 

where ^4 is a constant and d the dimension of the embedding space. Since the scattering 
function for beams of neutrons or x-rays, i.e. the structure factor S{q) is given by the 
Fourier transform of g(r), we have 

S{q)~q-‘> (4) 

where q is the neutron or x-ray wavevector transfer. Equation (4) shows that the 
scattering from a fractal object is of a form similar to that known for critical scattering 
at the critical point (a special case where we do in fact have dilation symmetry, as well- 
known from the theory of critical phenomena), and is the starting point for our 
contention that the fractal nature of certain physical systems can indeed be confirmed 
by scattering experiments, and the fractal dimension determined. Incidentally, (4) can 
be easily physically understood as follows; Diffraction experiments probe the density 
correlations on length scales which correspond to the inverse wavevector transfer q~^, 
and since the scattered intensity per particle scales with the correlated mass in the 
probing volume, by (2), it is expected that the intensity scales usq-^. However, as will be 
discussed later, in real physical systems, the scale invariance is limited to a finite range 
between upper and lower bounds and this will modify the scattering function. 

In this paper, we shall concentrate mainly on small-angle scattering experiments 
carried out on aggregation of silica particles and gold colloid particles. The clustering of 
small particles into large ramified objects is a commonly occurring phenomena. In 
biological systems one finds protein-aggregations, in colloid and polymer chemist]^ 
one finds coagulation, flocculation and gel formation and in metallurgy one finds a 
range of nucleation and growth processes all of which can be treated theoretically in 
terms of kinetic models of the Idnd first discussed by von Smoluchowski (1916). 

Recent efforts in this field have been stimulated by the observation that the resulting 
clusters often show a considerable, and quite remarkable, degree of self-similarity or 
scale-invariance. Especially, the work by Forest and Witten (1979) on silica smoke- 
particles and the subsequent computer simulations by Witten and Sander (1981,1983), 
who devised the simple, elegant diffusion limited aggregation (dla) model, have started 
an avalanche of both experimental and theoretical work which seeks a quantitative 
understanding of aggregation processes. Figure 2 illustrates a computer simulation of a 
DLA aggregate in 2D grown according to the rules of the dla process (1981, 1983). 

The first set of experiments relates to small-angle neutron scattering from low density 
powders of silica smoke particles which are available commercially under the trade 
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Figure 2. Computer simulation of a dla aggregate cluster in 2 dimensions (from Sander 
1984). 


ab-O-Sil and Alfasil*. They are produced by the process of flame hydrolysis, in 
CI 4 is burned to give a snow-like product in which the basic small particle units 
rphous Si 02 spheres of roughly 5nm diameter. The process of colloidal 
ion has also been studied by Weitz et al (1983, 1984) who used electron 
)py to characterize the geometry and in this paper we show how their values for 
nfirmed by diffraction experiments using light, x-ray and neutron scattering. 


>SU (grade M5) is a trademark of the Cabot Corporation. Alfasil sample was stock no. D89376 
log 1981). 
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2. Experimental details and results for silica aggregates 

For the silica particle aggregates, three sets of samples were prepared for the prese 
experiments based on commercially available material. Samples with densities rangh 
from 005 g/cm^ to 02 g/cm^ were made by packing the materials in 1 and 2 mm thii 
cuvettes. Samples with densities up to 05 g/cm^ were made by pressing equal amour 
of material into 20 mm discs using a hydraulic press. Note that the highest densi 
studied was still much lower than that of bulk silica 2-5 g/cm^). Suspended sampl 
were prepared by mixing 2 % Cab-O-Sil with water of different H 2 O/D 2 O ratios ai 
decanting the liquid after centrifugation, yielding low concentrations of the aggregat 
('^0006-0008 g/cm). Samples with diflFerent contrasts (H 2 O/D 2 O ratio) were i 
vestigated to ensure that aggregates were entirely dispersed, i.e. that no enclosed a 
remained in closed pores giving rise to additional scattering. 

The experiments were carried out at the sans facility (Kjems 1985) at the ris0 reach 
in Denmark, using a mechanical velocity selector (A2/A ^0-18) for monochromation < 
the beam, and an area detector. Measurements were made at neutron wavelengths < 
6 A and 22 A and the two sets of data with overlapping ^-ranges were proper 
normalized to each other to obtain S{q) between 0008 A“^ and 008 A*^ The ar( 
detector efficiency was normalized by carrying out scattering from a 1 mm H 2 O samp 
at both wavelength configurations. 

Figure 3 shows a double-log representation of the radial averaged scattering curv< 



Figure 3. Log-Log representation of sans scattering curves for aggregated silica sample 
The data arc shown in original form corrected only for background and detector efficienc 
The upper four curves are the compressed solid samples referred to in the text, while the low« 
five curves are from the water-dispersed samples. 
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Figwrc 4. Guinier plot (log I vs q^) for a representative sample. As may be seen, no simple 
characteristic length scale can be deduced from the data. 


the 4 dry samples (F1-F5) with increasing densities and the H 2 O/D 2 O dispersed 
pies with roughly the same density. The scattering curves have the same overall 
)e. The slope increases at higher q and decreases at lower q, the latter being the only 
on where a significant density dependence was found. Qualitatively, the observed 
shapes conform with the intuitive guess that the low q data {q^ <1^ where if is a 
cal cluster size) should show a trend toward saturation due to finite aggregate size, 
representation of the data in a Guinier plot [log (I) vs. as shown for a typical 
pie in figure 4 clearly indicates that there is no simple characteristic length stale to 
leduced from the data, except possibly the Guinier radius corresponding to the 
ting slope at small q. Scattering curves of this kind are often analyzed as scattering 
n a hypothetical distribution of spherical particles with a distribution of radii 
imidt 1982). This approach can be used to represent the present data for the dry 
pies, but the parameters derived in this fashion do not have any obvious 
roscopic significance, e.g. the obtained particle size averages show a very strong 
endence on density, and yield a narrow distribution of relatively small particles, 
)se peak occurs at (30 nm) for the highest densities and a broader distribution of 
;er particles for the uncompressed samples. This picture is not in agreement with 
tron micrographs taken from the samples. 

Ve argue that a more natural interpretation of the scattering curves can be based on 
assumption of powerlaw correlations between the centers of small fairly 
ttodisperse spherical units {R ~ 20 A). As shown below, this gives a consistent 
miption of the data at all densities. 

lS discussed qualitatively in the introduction, the assumption of scale invariance 
>lies the simple but important powerlaw form I{q) (x.q~^ for the scattering function, 
eal systems of aggregates, the scale invariance is limited both at large r (by the finite 
of the cluster, or by the entanglement of the clusters) and at small r by the finite size 
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of the particles making up the aggregate. We now discuss refinements for calculation 
5 ( 41 ), over that represented by (3) and (4). We may write g(r) as 

gir) = 5ir) + giir\ 

where g(r) now represents the pair-correlation function for the centres of the spheric 
particles. For ga(r) we choose the form 


gj{r) = 0 r < 2ro 

= r > 2ro 


representing the effects of both the lower and upper length scale cut-offs. Equation | 
represents the fact that the particle centers cannot approach closer than a partic 
diameter (2ro), and also the fact that for the actual systems we are considering, whe 
the aggregates have a finite cluster size, and furthermore the clusters may be qui 
entangled, we have to weight g^fr) with the probability that the fractal correlation 
around a given particle exist for distances > r. We may represent this by a scalii 
function F(r/<f) characterized by a single effective cut-off length and for simplicity v 
assume ai) exponential form for this function. [More complicated forms of the scalii 
function involving exponentials of arbitrary powers of (r/iO could be considered, as hi 
been done by Aharony et al (1984) for the case of spin correlations on percolatii 
clusters. The advantage of the present form is that it leads itself to an analytic form fi 
S{q) which may be used to fit the data. Further, as we shall see, it leads to internal 
consistent values of the fitted parameters.] 

Fourier transforming this expression, leads to 


S(q) = l + 


CiD-lK^ 

{l+q^iy/2 q^ 


Im 




[cos (D — 1) Arctan (q^) -H i sin (D -1) Arctan (q<J)]/(D -1)| (' 

Here r(o(, z) is the incomplete gamma function with complex argument (Schafke 196) 
defined by the complex integral 


r(a, z) s J w* * exp (-w)dw () 

For > 1, S(q) will be approximated by 1 -l-Cq“®, while for qi 1, it will saturate at 
value proportional to 

Fin^y, we must take into account the finite particle size, which yields a form facto 
whose square must be multiplied by S(q) to yield the observed scattered intensity as 
function of q, i.e. 

/(q)ocS(q)/*(q) (5 

where, for spherical monodisperse particles, the form factor may be written as 
sin (qrp) - (qro)cos (qrp) 

{gro)^ 

Equations (8)-(10) were used to make least-squares fits to the data, after first foldin, 
with the instrumental resolution in the usual manner, and the fitted models shown witl 
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Figure 5. Three representative scattering curves with the fitted model shown (solid curve). 
Two curves (O and V) are for dry compressed silica aggregate samples, and the third [ □] is for 
a water-dispersed aggregate. 


three representative samples in figure 5. From the fits, we conclude that D = 2-6 ±01 
independent of the macroscopic density for the dry samples, while for the dispersed 
samples D = 2*34 ± 01. The lower value in the latter case may be due to the decanting 
procedure in the sample preparation or the infused water may cause a slight opening of 
the structure. 

The primary particle radius, Tq, seems to settle around 20 A for all samples while the 
upper cut-off, is systematically related to the macroscopic density, p. ^ is found to 
saile roughly with p ' , as expected if the degree of entan^ement of the clusters scales 
down linearly with the average distance between clusters. 

The scale factor Ai, normalized to the number of scatterers, corrected for 
transmission (and, for the dispersed samples, the contrast), also appears to be fairly 
constant for all samples. The fluctuations for the dispersed samples are most likely due 
to inaccuracies in the determination of the Si02 concentration in these. This implies 
that the intensity for ^ 0 scales as expected for a fractal syatem l{q = 0)oc [see 

(8)] giving an independent test of the consistency of the mo-model. 

Before concluding the discussion of the silica particle experiments, we note that it is 
the ability to study the fractal nature of this system over such a wide range of densities 
that is one of the unique features of our experiment. The experiment thus establishes 
the usefulness of the concept of an upperlength scale cut-off, which must be used tc 
analyze scattering data from real (as opposed to mathematical) fractals, as in the case 
where the aggregated clusters have a finite size or become entangled, thus losing the 
powerlaw conelations, which exist on a single cluster. The essence of this picture maj 
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thus be applied to systems such as polymer gels or other structures where the powerla 
correlations decay at large length scales. 


3. Results for gold colloid aggregates 

The gold colloids used in the experiments described here are formed by the reduction < 
Na(AuCU) with sodium citrate (Turkevitch et al 1951). They consist of highly unifon 
spherical gold particles of mean diameter 145 A and a spread of 10% in diamete 
These particles are initially highly charged and in dilute solution in water and thus d 
not aggregate. Upon adding a small amount of pyridine, however, the colloidal charg 














Figure 6. Transmission electron micrograpb for a fast-aggregated gold colloid cluster (froi 
D A Weitz, private communication). 
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is removed and the particles aggregate rapidly ( -1 sec) or slowly (several weeks 
depending on the amount of pyridine added (Creighton 1983). The aggregates may thei 
be concentrated and used for scattering experiments or studied by electron niicroscop> 
Figure 6 illustrates a transmission electron micrograph of one such aggregate cluster 
grown via a fast aggregation process. Note the highly ramified structure and the larg< 
amount of open spaces, bearing in mind that we are looking at a two dimensiona 
projection of a r^ three-dimensional object. By analyzing several such electroi 
micrograph pictures, Weitz and Oliveria (1983) were able to show that the number o 
particles in a cluster scaled as where R was the cluster size and the fractal dimensior 
D came out to be 1-74 for “fast” aggregates. By digitizing the position of the individua 
particles, they were also able to calculate the pair correlation function g{r) [see equatior 
(3)] and also arrived at a similar value for D. Neutron scattering measurements have 
been carried out on a concentrated, precipitated set of aggregates of gold colloid particlej 
in water, using the sans spectrometer at the University of Missouri Reactor (Sinha et a 
1985), which utilizes a vertical incident beam. The results for “fast” aggregates, togethei 
with light scattering data (appropriately normalized) on this system, are shown as a log- 
log plot of / vs in figure 7. Also shown is a curve obtained by least squares fitting of a 
model based on (7)-(10). Interestingly enough, the r© parameter, corresponding to the 
spherical radius of the particles was fitted by a value of 75 A, and the fractal dimension 
i) by a value of 1 -8, both of which agree extremely well with the values obtained from the 
electron micrograph analyses, although the statistical averaging available from a 
scattering experiment is enormously greater. Note that the powerlaw behaviour seen at 
small q is consistent both with the light-scattering and neutron-scattering data, i.e. no 



Figure 7. Small angle neutron and light scattering data from "Yast” gold colloid aggregates. 
The light scattering data has been normalized by a suitably chosen scale factor to match 
smoothly with the sans data. The solid curve represents a fractal model fit of the kind described 
in the text, yielding D = 1-802, Tq = 74-9 A, ^ = 33,311 A. 
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saturation behaviour is seen at small q, implying that the fractal clusters have a size ■ 
of the order of microns or greater. 

From results of the kind described in this article, we have a certain degree 
confidence in the ability of scattering experiments to confirm and measure the fraci 
structure of various kinds of objects. Similar experiments, involving light, neutron ai 
x-ray scattering have been used to study the fractal nature of aggregates of sili 
colloids (Schaefer et al 1984), proteins (S H Chen, private communication; Feder 198- 
and surface fractal behaviour in porous materials (Bale and Schmidt 1985). Current, 
high resolution small angle x-ray scattering experiments are being carried out ( 
synchrotron sources (Dimon et al 1985), whereby curves oflvsq spanning the whole 
range shown in figure 7 (i.e. from length scales of ~ 50 A to 10,000 A) maybe obtaint 
at once. Such measurements should, in the near future, be extremely useful 
, establishing quantitatively the details of fractal structure (and deviations from it) in re 
materials. The experiments and computer simulations will hopefully be able i 
establish the way in which fractal dimension depends on the physics of the aggregate 
process. For instance, D = 1-8, obtained for the “fast” gold aggregates, is wh: 
computer simulations predict for “cluster-cluster” aggregation, i.e. when particL 
diffuse and Join to form clusters which in turn join with other clusters and so on. For tl 
“slow” aggregates, measurements (Dimon et al 1985) indicate a higher fract 
dimension (D ^ 2-0), indicating denser clusters. 

I should conclude this article, which is dedicated to the memory of Dr Satya Murth 
by expressing my deep appreciation of Dr Satya Murthy’s many contributions to tf 
fields of condensed matter physics and neutron scattering (of which the work describe 
here is but a small example) and in particular to its flowering at barc. I gained muc 
personally and scientifically from my friendship with him, and his tragic and untimel 
loss is a great blow to the field of neutron scattering. 
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X-ray spectroscopy and local structures in glasses! 

K J RAO* and B G RAO 

Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 5600 
India 

Abstract. X-ray spectroscopy which is a combination of two techniques, namely x-i 
absorption near edge structure (xanes) and extended x-ray absorption fine structure (exaj 
analyses, is a unique technique for the study of local structures in glasses. Availability 
synchrotron radiation sources has made the technique quite attractive and useful because i 
photon flux from synchrotrons is very intense and polarized. In this article, a brief summary 
XANES and exafs techniques is given along with a few applications to the study of lo 
structures in glasses. 

Keywords. X-ray spectroscopy; xanes; exafs; photon flux; synchrotron radiation. 


1. Introduction 

Among the new tools that have become available for the investigation of the structu 
of disordered solids, x-ray spectroscopy is unique (Azaroff 1977; Winick and Donai 
1980). It is in reality a combination of two techniques, namely analyses of x-r 
absorption near edge structure (xanes) and extended x-ray absorption fine structu 
(exafs). Its uniqueness ensues from the fact that absorption edges are atom specif 
Therefore it enables one to analyze the fine structures associated with the x-r 
absorption edge of any particular atom and obtain information about the surroundi 
structure. Further, as we shall see later, the exafs arises largely from the scattering efft 
of the nearest neighbours in the structure (Lytle 1965; Sayers et al 1971). Therefore t 
information contained in exafs is largely about the local structures. 

Several aspects of x-ray spectroscopy have been known for a long time (Azari 
1963). But it was not until 1971 that the so-called Kronig structure in x-ray spectra 
materials which is now known as exafs was shown to arise from short range order 
Sayers et al (1971). They demonstrated through Fourier transform techniques i\ 
structural information can be evaluated quantitatively from exafs. The last decade h 
seen a very large number of applications of exafs technique in the analysis of lex 
structures in glasses, catalysts, biological samples and a host of crystalline and nc 
crystalline materials with great benefit. A large number of reviews and monograp 
have appeared on this technique (Stern 1978; Hayes 1978; Lee et a/1981; Wong 19f 
Teo and Joy 1981; Hayes and Boyce 1982; Parthasarathy et al 1982). The theoretic 
situation with xanes, on the other hand, is not as well developed as that of exafs. This 
natural because chemical effects and symmetry of the surrounding atoms affect t 
region around edge absorption upto a few eV which arise due to excitation to boui 
states. In this region xanes can be analyzed within the framework of spectroscopy (B< 
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1966; Shulman et al 1976; Tsutsumi et al 1977; Grunes 1983; Rao and Wong 1984; I 
ei al 1985b). Symmetry information resulting from xanes analysis can be combii 
with the structural information derived from exafs. Together exafs and xanes i 
therefore provide a very powerful tool for investigation of local structure (Rao ei 
1983, 1984a, 1985c). Since the advent of synchrotron radiation sources x> 
spectroscopy has become a popular and powerful method particularly for ' 
investigation of glasses. In this article an attempt has been made to provide a bi 
outline of the exafs and xanes procedures and discuss the strengths and weaknesses 
these techniques in the structural elucidation of glasses with illustrative examples fre 
the authors’ work. 


2. Principles of the exafs and the xanes 

When sufficiently energetic x-ray photons are incident on solids, electrons from the co 
levels are excited. This gives rise to an absorption edge. At photon energies greater tht 
the edge energy, absorption coefficients decay and the decaying profile in solids, liquic 
and complex molecules are characterized by intensity modulations. The strength ( 
these modulations themselves ultimately decay at higher photoji energies, A typic; 
edge absorption spectrum is shown in figure la. The region of spectra upto about 30 e 
above the edge is generally considered as xanes while undulations above 40-50 e’ 
constitutes the exafs region. The normalized near edge structure (xanes ) obtained fror 
the edge spectrum (given in figure la) is shown in figure lb. In the region of the nca 
edge the interaction of the photoelectron with the atom is very strong. In fact, closer U 
the edge the photoelectron explores allowed final states only and hence the near edg 
has ail the features of a normal core electron excitation spectrum. However, the allowec 
energy states of the. atom get compressed into a Rydberg continuum and it is alsc 




Figure 1. (a) Room temperature Pb Li absorption spectrum of lead foil, schematically 
s owng the edge normalization procedure (see Rao et al 1985b); (b) Normalized edge 

158^™V ^ ^ ^ 





X-ray spectroscopy and local structures in glasses 

possible that the spatial extension of such states gives rise to formation of energy i 
When the energy of the electron is of the order of 40 to 50 eV it essentially behave! 
free elytron propagating into the solid and scattered as in low energy eli 
diffraction. The variation of low energy electron diflFraction condition as a funct 
energy causes the exafs undulations. 

The propagation of the photoelectron may be approximated to a spherical 
spreading outwards from the atom as shown in figure 2. A fraction of the spl 
wave is reflected back from the surrounding atoms which interferes with the ou 
wave. Due to this interference both the amplitude and the phase of the electron 
the origin is affected. The absorption coefficient, p, which is proportional to the d 
transition matrix element (Eisenberger and Kincaid 1978) is therefore affected 
scattered part of the wave function, 

^(/jv)oc |<i/^,|r|i/ry + ^5c>r 

It is easy to visualize that at very large k values the amplitude of the scattered 
decreases with the increasing wave vector of the electron because higher the ene 
the electron weaker is the scattering amplitude from the surrounding atoms. The 
however, being a periodic function gives rise to oscillatory behaviour of and 
of p which is the origin of exafs. The theory of exafs has been worked out in the 
electron approximation assuming the propagating electron wave to be plane; 
exafs, Xj as is to be expected, is determined by the combined effect of scattering 
various shells of neighbours which in a crystal are situated at specific distances. F 
the intensity of the propagating wave itself decreases as the square of the distance 
scatterer. It has been shown (Sayers et al 1971) that 

J 

where, 

Aj = (Nj/rj)\fj{n, fe)| exp{-2rjlX) exp(-2<r?k^), 

where k is the wave vector of the propagating electron wave and k is given b: 
[2m(/iv — where Eb is the binding energy of the core electron. Nj is the n 

of neighbours in the;th shell which is at a distance rjifj {n, k) is the complex amf 


E2>Ei 



(a) ^AATOMS 


E2 



(b) SSbatoms 


Figure 2. A schematic representation of the exafs process; the soUd circles denote c 
waves centred about absorber atoms A and broken circles denote reflected waves 
about scatter atoms B. Constructive interference is depicted in (a) and destructive inte 
in (b). 
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of scattering wave; is the phase shift; aj is the Debye-Waller factor for exafs which 
produces a spread in rj and hence a loss of exafs amplitude and X is the electron mean 
free path which is generally so high that the exponential term containing A does not 
affect the observed x- In the above expressions while the sinusoidal phase term produces 
the oscillatory behaviour, the envelope of x arising from a given shell is determined 
primarily by the behaviour of fj {n,k) (gj is generally low at very low temperatures). 

Thus the exafs function contains the three structural parameters, rj, Nj and Gj and 
three scattering parameters, ^j^fj and A (Wong 1981). x(fc) can be Fourier transformed 
to yield structure functions in r space which is essentially a pair distribution function 
containing relevant structural information. However, it requires one to know and 
^ in order to calculate and Gj (Stem et al 1975). 


3. Experimental method 

\ schematic of x-ray spectroscopy experimental set up at a synchrotron facility is 
shown in figure 3. Monochromatization of the x-rays from the synchrotron is achieved 
Dy double reflection from parallelly placed (220) cut Si crystals, the movement of one of 
;he Si plates is accomplished through a weak-link. The intensities are detected using 
photo-ionization chambers. Photon counting procedures employ proportional coun- 
:ers and are used when measurements are done in fluorescence mode. Higher excitation 
/oltages are needed in the study of K and L edges of heavy elements. Convenient 
ntensities at such energies are available in synchrotron facilities whose operating 
/oltages are very high such as at Cornell high energy synchrotron source (chess) facility 
Dperating at ^ 5 GeV. The radiation from synchrotron sources usually range from 
10 ^^ to 10^^ photons per milliradian per m amp per 10% band width and is highly 
polarized. 

4. Data analysis 

In actual practice the edge spectrum of an atom in a sample is obtained by passing an 
x-ray beam of intensity /q through the sample and recording the intensity / of the 
transmitted beam. The quantity ln(/o/f) is directly proportional to the absorption 
coefiBcient, /i. A typical raw spectra is plotted in figure 4a as In (/o/f) vs. {E — E^ where E 
is the energy of the x-ray beam. In the next step the quantity {E -Et) is converted to k 



Figure 3. A schematic diagram of a typical exafs experimental set-up. 
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Figure 4. The steps in the analyses of exafs is shown for a typical 80PbO.2 
(a) raw spectra of the edge of Pb; (b) normalized exafs; (c) radial structure ] 
(d) inverse Fourier transform (solid line) and simulated exafs (crosses) of the fin 
from (c). 

using the formula given earlier and the exafs, xW is computed as a function 
following formula, 

^ lio{k)M{k) 

where po is the smoothly decaying (atomic) background absorption and 1 
McMaster correction. The plot of x(k) ■ fc vs k is given in figure 4b. Generally 
to large values of or inherently weak x(k), which is due to the rapidly d 
fj{n, k) particularly for low atomic weight first neighbours, x(k) diminishes V' 
with k and it is required to accentuate this region by weighting the x(k) vali 
The product x(k)' k" is then Fourier transformed in finite k space (betwee 
^max) obtain the radial structure function 0"(r), which is given as 

I k’.xik) exp [_2ikr] dk, 

^min 

where W{k) is a window function. is characterized by a number of peaks 
rj values (figure 4c). However, these rj values are generally smaller than 
distances due to the k-dependence of the phase shift, 0 j , which is not taken ca 
Fourier transform. Nevertheless, computation of <I>"(r) constitutes the first 
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in the analysis of exafs because the separated peaks in r-space enable the separation of 
the X] contribution from various shells. The first peak in ®"(r) which is denoted as 
arises from the Fourier transformation of k".xi (fc)- Hence <5"(ri) can be inverse Fourier 
transformed to recover Th® structural parameters Nj,rj and aj can be 

obtained from the isolated l^y two procedures. In both procedures, it is 

necessary to perform a similar exafs analysis of a model sample of known structure 
which has a close chemical similarity with the sample of unknown structure. 

The first procedure is relatively simple. If xS'Ck) and (k) corresponding to 
the unknown and the model are computed from their exafs data, then a plot of 
In (k)/zf W] vs will enable the determination of the coordination number, N, 
and the Debye-Waller factor, a of the unknown sample (Stern et al 1975; Elliott 1984). 
The r-shifts observed with the model sample can then be used to obtain the r value of 
the unknown sample. In the second procedure which is more accurate and popular, 
X^ (k) is first curve-fitted using the known structural parameters in order to obtain the 
best-fit scattering parameters. In doing so tabulated theoretical values o(fj(n,k) and 
4>j [k) relevant for the emitter-scatterer pairs Irom the work of Teo and Lee (1979) and 
null values of <7y are used as initial sets in the iterative optimization of scattering 
parameters. The optimization is done by non-linear least-square fitting methods. 
Generally the phase shift, <f>(k) is expressed as a polynomial of the form (Lee et al 1977) 


<l>{k) = Po+Pik + P2k^ + P3/k^ ( 6 ) 

The values of po, Pi, pi and pj are determined from curve fitting. The scattering 
parameters obtained from curve-fitting the exafs data of the model are assumed to be 
transferable and then curve-fitting of x'i (k) is performed with the new input scattering 
parameters to obtain the optimized values of the structure parameters of the unknown. 
The curve fitting of x? (k) is shown in figure 4d, 

The exafs analysis provides sufficiently direct information about both the distances 
and the numbers of neighbours in various shells, particularly in the first shell. But the 
geometrical arrangement of N neighbours around the central atom at a distance r (or at 
further distances) is not easy to obtain from exafs alone without further assumptions. 
When the first shell of neighbours conforms to a simple geometrical shape, xanes can be 
effectively exploited to fix the spatial configuration. This is particularly attractive when 
L edge spectra are studied. It may be noted here that the final states for Li edge are 
va<»nt p states and for Lj and Lj edges the final states are d states. These final states are 
split by the local crystal fields and hence the absorption peaks are also split 
correspondmgly. The nature of splitting observed in xanes and the value of 
coordination number obtained from exafs analysis can often be easily combined to 
guess the right geometry of the nearest neighbour polyhedron. 

In order to be able to use exafs effectively in the analysis of local structure in glaficfts 
one h^ to take note of the fact that the coordination polyhedra around an atom in a 
gl^s IS distorted more as a rule than as an exception. Hence there is a distribution of r, 
values even in the first shell itself. It has therefore been found profitable to treat the first 
neighbours as being present in subshells and extend the fitting procedures indicated 
earlier with appropnately large number of structural parameters. It is also necessary to 
andyse the of the model with the same number of sets of phase parameters 
(Wong and Liberman 1984; Rao et al 1984b). ^ 

Let us now consider a few typical examples of exafs and xanes application to 
Structural studies of glasses. ^ 
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5. Case studies 

5.1 Coordination of Pb in lead oxyhalide glasses 

In an attempt to examine the coordination of Pb in lead oxyhalide (PbC)-PbF 2 a; 
PbO-PbCl 2 ) glasses, exafs associated with Pb L 3 edge was investigated (Rao et 
1984b). The method of analysis described earlier was used. The raw spectra, t 
normalized exafs and radial structure function 4>(r) for a typical PbO-PbCl 2 glass a 
given in figures 4a, b and c respectively. The radial peak around 2*0 A was inver 
Fourier transformed to obtain x(fc) contribution from the first shell (figure 4d). Ti 
scattering parameters required for curve-fitting were obtained from the analysis of tl 
EXAFS of Pb in crystalline PbO and PbCl 2 . The resulting phase parameters are given 
table 1 along with the input crystal data. These phase parameters have been used to 
the xik) of glasses and the structural parameters for various PbO-PbCl 2 glasses we 
obtained. The structural parameters for a typical glass are given in table 2 and tl 
spectrum simulated in the curve fitting procedure is also shown in figure 4d. It may 1 
noted from table 2 that the total Nj values for the glass is close to 6-0 within ± 5 ^ 
Almost similar values of Nj were obtained for all other glass compositions, exa 
studies of PbO-PbCl 2 glasses have thus enabled to establish the presence « 


Table 1. Input crystal d^ta and computer fitted values of Pb-O and Pb-Cl phase sh 
parameters for PbO and PbCl 2 crystals from the respective Pb-Ls edge exafs 


Compound 

rj 


a" 

(A^ X 10^) 

Po 

Pi 

P2 

Standard deviatic 
of fit 

Pi (% of max value 

PbO 

2-215 

2 

0983 

5*1472 

-1*0823 

00247 

51*80 

(yellow) 

2-490 

2 

1*016 

5*2403 

-1-1384 

00161 

143-88 6*8 


1610 

2 

3-077 

01557 

-1-4191 

00522 

21-16 


2-880 

1 

18-873 

5*9105 

-1-5667 

00487 

16*18 

PbClj 

3*065 

2 

3-531 

5-6566 

-1-5328 

00328 

33-26 7-4 


3*130 

2 

3*367 

04443 

-1-4950 

00133 

3071 


3-290 

2 

3*427 

04173 

-1-4815 

00077 

29-45 


Table 2. Structural parameters for a Pbp-PbCl 2 glass obtained from the analysis of j 
edge exafs spectra of Pb 

Composition 

PbO:PbCl2 

Coordinating 
atom in the 
shell 

n 

(A) 

Nj 

tr^ 

(A* X 10^) 

TNj 

Standard deviatioi 
fit (% of max val 


0 

2*21 

1-04 

0283 




0 

2*46 

1-07 

0116 



8:20 

Cl 

2-70 

080 

0190 




Cl 

2-72 

083 

1-513 

6*26 

7*5 


Cl 

3-04 

092 

0307 




Cl 

3-10 

1*00 

0204 




a 

3-29 

062 

0330 
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sCU] groups, which confirmed an earlier postulate from the x-ray diffraction 
(Rao and Rao 1984). xanes analysis also indicated the presence of [Pb 02 CU] 
• (Rao and Wong 1984). exafs of PbO~PbF 2 glasses have been analysed similarly 
t al 1985a) along with the detailed analysis of the near edge structure (Rao et al 
. It has been shown that while exafs reveals the presence of [Pb 02 F 4 .] units 
hout the glass forming composition, xanes suggests that the symmetry of these 
radually evolves from Q C 2 v “► -► 0^ as PbF 2 content increases in the 


^ordination of Nd in NdF^-BeFi glasses 

r example of structural application of exafs is the investigation of Nd 
lation in NdF 3 -BeF 2 glasses. Previous computer simulation studies of these 
have indicated Nd coordination smaller than in NdF 3 . For this purpose exafs 
lES of L 3 and Li edges of Nd^ have been investigated (Rao et al 1983). The near 
Ltures of Nd^"^ in BeF 2 glasses is similar to that in Nd 203 rather than in NdFa 
5) suggesting that Nd coordination in glasses is similar to that in Nd 203 , which 
to seven. In order to determine the local structure around Nd in the glass from 
lase parameters for Nd-F pairs were obtained from exafs analysis of crystalline 
The inverse Fourier transforms obtained from the analysis of the exafs 
sd with L 2 and edges of the glass were curve-fitted with a four shell 
on involving eleven F " ions. The final values of structural parameters obtained 
it are given in table 3. 

oteworthy that the distances obtained from exafs analysis of both L3 and L2 



Figure 5. Normalized xanes scans for NdF 3 -BeF 2 glass, crystalline NdFa and Nd 203 at the 
L 2 and L 3 edges. Zeros for the energy scale are taken at the corresponding edge energies of Nd 
metal at L 2 = 6721-5 eV and = 6208 eV. 
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Tible 3. Structural parameters obtained from exafs for the NdF 3 -BeF 2 gla 






Standard 

n 



O’ 

deviation of fit 

(A) 

Nj 

^Nj 

(±A) 

(% of max. value) 

L 2 edge 
2-33(5) 

1-52 1 


0-0761 


2-42(6) 

2-52(7) 

3.35 

2*27 J 

7-14 

O-IOll 

0-0848 

7-5 

3-04(5) 

2-13 


0-1350 


L 2 edge 
2-35(5) 

1-71 1 


0-0722 


2-45(5) 

2-67 

7-07 

0-1352 

9-1% 

2-60(8) 

2-69 1 


0-1169 

3-05(1) 

1-14 


0-1273 



Table 4. Structural parameters from exafs analysis of Z .3 edge of033 ThF 4 • 06( 
LaFa glass 


N 

r 


Standard deviation 

(A) 

(A) 

(A^) 

of EXAFS fit 

2-89 

1-83 

0-0092 


3-17 

1-92 

0-0065 

7 % 

2-07 

1-99 

0-0005 



edges are internally consistent. The numbers of nearest neighbours agree wii 
and Lj edge analysis to within 12 %. If we consider the fourth shell neighboi 
are at a distance of 3'05 A in the glass as non-nearest coordination, then th 
neighbour coordination is from the first three shells to a radius of 2-60 A and 
number of neighbours add upto 7 which is the same number inferred i 
similarly of xanes of the glass and Nd 203 . 

5.3 Coordination of Th in a ThF^r^fpAr^aF^ glass 

In a similar investigation of the exafs of Th^'*' in crystalline Tt 
ThF 4 “Hf F 4 -LaF 3 glass, it was shown that the coordination number of Th^'^: 
same (four) in both crystalline and amorphous state (Rao et al 1984a). The s 
parameters obtained by exafs analysis for crystalline ThF 4 and the glass are 
table 4. It may be noted that the Th-F distances in the glass are very nearly equa 
0*01 A) to those in crystalline ThF 4 . The lower values of the two innermost j 
are also of interest in comparison to those of the crystals. This may be reflec 
covalency effect due to glass formation. In fact the white line intensity of the Th 
is about 12 % higher in the glass than in crystalline ThF 4 (figure 6) suggesting t 
more covalently bonded in the glass. 
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Figure 6. Normalized xanbs of Th edge for crystal¬ 
line ThF 4 (solid line) and 33ThF4.60HfF4.7LaF3 glass 
(dashed line). The zero of the energy scale is taken at the 
Ly edge energy of Th metal at 16300eV. 


ordination of Mo in Agl-AgiO-MoO^ glasses 

)f a pronounced tendency of Mo for octahedral coordination in oxides, we 
it interesting to investigate M0O3 containing glasses. Infrared spectroscopic 
F Agl'-Ag20-Mo03 glasses indicated the presence of tetrahedral M0O4 " ions 
ssibility of distortion of its tetrahedral (Tf) symmetry (Hemlata et al 1983 ). To 
te this, XANES and exafs associated with the Mo K-edge in the glasses were 
:ed (Rao et al 1985 c). The xanes spectrum of the glass was found to be similar 
FNa2Mo04. and different from that of M0O3 (figure 7 ) indicating that Mo 
tion in the glass is tetrahedral as in Na2Mo04 and not octahedral as in M0O3. 
3XAFS analysis of glasses with a single-shell simulation gives a coordination of 
Mo atoms in the glasses (see table 5 ). However, the second peak in the 
ated spectra of the glass (see the inset to figure 7 c) appears to be split indicating 
; distortion of the M0O4" tetrahedra, A molecular orbital analysis (figure 8) 
that the second peak arises from a transition from Is atomic level of 
lum to 2 t m.o. levels. A distortion of M0O4" unit causes the splitting of 2 t 
;h is responsible for the splitting of the second peak. In order to investigate 
lible distortions which give rise to different Mo-O distances the exafs of these 
sre re-analysed assuming that there are two oxygens each at two different 
The results of two-shell analysis of exafs are also given in table 5 . The two- 
ves a coordination number much closer to four and a bond distance which is 
nger ( 1'92 A) than the other three bond distances ( 1-83 A). It should be noted 
tandard deviations for both single-shell and two-shell simulations are very 
his brings out one of the weaknesses of exafs analysis. This weakness of the 
inique may probably be due to the multiparametric nature of phase-shift 
1. 


ations of EXAFS and xanes methods 

: important limitations of the exafs technique arises from the assumption that 
i amplitudes are transferable. Two other somewhat serious limitations are 
uate correction for multiple and inelastic electron scattering effects and 
lin scaling of k due to choice of 
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Figure 7. Normalized xanes of Mo K edge in M 0 O 3 , Na 2 Mo 04 and 40AgI-; 
3 OM 0 O 3 glass. The differentiated spectra are given in the inset. 


Table 5. Structural parameters from exafs analysis of AgI.Ag 20 . M0O3 glasses 


Glass composition r Standard 

AgI:Ag 20 :Mo 03 N (A) (A^) x 10 ^ deviation % 


A. One shell 
60:20:20 

40:30:30 

55:25:20 

B. Two shells 
60:20:20 


40:30:30 


4-54 

1-839 

0-216 

3'7 

4-22 

1-837 

0-199 

3*7 

4*57 

1-838 

0-237 

3-7 

3*20 

J-830 

0-159 

3-9 

1-19 

1-923 

0031 


3-13 

1-831 

0156 

3-9 

106 

1-923 

0121 


3-27 

1-829 

0164 

4-1 

1-22 

1-924 

0119 



55;25;20 
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Mo^"" M.O Ligands (0) orbitals 

- Figure 8. A molecular orbital diagram for bonding in MoOi' ions. 


nsferability of phase and amplitudes is at best a reasonable assumption. This 
>n can be quite serious, particularly in the case of multi-component glasses 
able standards are not available for obtaining scattering parameters. It may 
that uncertainties in amplitude could cause an error of upto 20% in the 
i of coordination numbers (Stem 1981). So in some cases, it is very difficult to 
rrect coordination number even with the help of the symmetry information 
from XANES. For example, a C^v can correspond to a trigonal bipyramid 
of five neighbours or a structure with eight neighbours and if Nj values 
from EXAFS is somewhere around 6-5 it is difficult to decide the correct 
unless supportive evidence from other studies is available, 
pn of zero kinetic energy Eq of the photoelectron cannot be taken as equal to 
g energy Since itself corresponds to the excitation to bound states it is 

f all the energy in excess of is right away available for the electron to 
as a free electron in. the medium. £ 2 , can be higher than £0 in ionic materials, 
tainty causes a shift in the k-scale. To circumvent this difficulty £ 2 , is often 
an adjustable parameter in fitting procedures towards the end. 
tations in complete analysis of xanes are even more severe. It is complicated 
al effects such as covalent bonding (Stem 1981) and shape resonances 
972) together with physical effects such as multiple scattering within the 
ghbour cage (Bianconi et al 1983) and core hole relaxation effects (Belli et al 
)mplete discussion of these effects is beyond the scope of this article. 
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Composidonally modulated magnetic films 

R KRISHNAN 

Laboratoire de Magndtisme, C.N.R.S., 92195 Meudon Principal Cedex, France 


1. Introduction 

Superstructured metallic superlattices constitute a new class of materials which are i 
found in nature (Falco and Schuller 1984). Hence one could expect to find in them n 
properties which could cover a wide range of fields such as structures, superc< 
ductivity and magnetism, to name only a few. Superlattice semiconductors Ga^ 
GaAlAs are known for over a decade and are already used in practical applicatio 
However, magnetic superlattices have attracted the attention of some laboratories oi 
recently (Young et al 1977; Gyorgy et al 1980). These materials, also known 
composidonally modulated films (cmf), consist of thin films of two metals deposited 
an alternate sequence onto an appropriate substrate. They enable us to study seve 
interesting aspects in magnetism. One can enumerate a few as follows: the thickn< 
dependence of the magnetization, the effect of the proximity on the ferromagnetism o 
layer, the interface magnetism and so on. Of course, in order to study the above aspe< 
appropriate measuring techniques have to be used. The most common are magnet 
ation measurements, ferromagnetic resonance (fmr), Mossbauer spectrometry a 
polarized neutron diffraction (Shinjo et al 1983; Walker et al 1984). Though idc 
regarding magnetic couplings in such sandwiches have been there for a very long dn 
—experim6ntal work was impeded for want of suitable samples. The remarkable progrc 
in the thin film technology that we have witnessed in recent years and the powerJ 
techniques of film characterization have now enabled us to obtain suitable samples f 
carrying out the above mendoned studies. While superlatdce semiconductors a 
obtained with great perfecdon, though using rather a very expensive technique such 
molecular beam epitaxy, it is possible to utilize less sophisdeated techniques f 
obtaining magnetic cmf. 

Magnetic cmf can be divided into three categories: (1) epitaxially deposit 
superlatdces e.g. Ni/Cu; (2) muldlayers of polycrystalline metals e.g. Co/Nb; I 
multilayers of amorphous films e.g. Fe-Si/Si. In the first category, the latdce consta 
remains the same along the thickness but only composition and magnetic properties a 
modulated. Properties of Ni/Cu (Zheng et al 1982) and Fe/(Pd, Sb, V) (Shinjo et 
1983) have been reported. Detailed studies have been made on Ni/Cu (Gyorgy et 
1982). It has been found that both the magnetic moment and the Curie temperature 
of Ni in Ni/Cu are reduced with respect to the bulk value. The Fe multilayers have be« 
studied by Shinjo and his collaborators (Shinjo et al 1983) using Mossbau 
spectroscopy. For Fe thickness below 1-5 nm the spectra depend sensitively on 1 
thickness. A distribution in the hyperfine field was obtained. A difference in ti 
magnetic properties of the top Fe layer and the one near substrate has been observe 

3i 



R Krishnan 


: can say that the fascinating field is just opening up and as is to be expected more 
more laboratories are getting interested in it. Work in our laboratory started in 
3. 

1 this paper we will describe our work on two typical systems Co/Nb and Co/Mn 
shnan and Janz 1984; Sakakima et al 1985), where Mb is non-magnetic and Mn is 
ferromagnetic. Thus a comparative study is informative as regards magnetic 
}ling. Furthermore Mn is an excellent candidate for spin echo studies. The films 
; characterized using x-rays and Secondary ion mass spectroscopy (sims). We 
led out magnetization measurements, fmr and spin echo studies in the temperature 
e 4-2 to 290K. Finally we mention some results on Brillouin light scattering studies 
h are particularly interesting for studying some collective excitations in these 
'ed structures. 

Experimental methods 

CMF can be prepared by either sputtering or evaporation. Each technique has its 
advantages. In our laboratory the samples are prepared by evaporation. Indeed it 
t that sputtering could induce some mixing at the interface due to relatively higher 
jy of the atoms arriving at the substrate. 

le CMF reported here have been evaporated in an alternate sequence using two 
ams fitted in a Ultra high vacuiun (uhv) chamber. Ti ion pump and Ti sublimation 
uce the vacuum in our system, which is 1 x 10“ Torr to start with and 3-610"® 
during film deposition. Both ^ass and Si substrates have been used which were 
tained close to 20‘’C by water cooling. The evaporation rate, generally in the range 
to 0-2 nms"^, and the thickness are controlled using a quartz oscillator and a 
jprocessor (inficon). Though the thickness reproducibility is accurate to ± 1A the 
hickness is calculated by prior calibration and is expected to be accurate only to 
%. Generally, the cobalt layer is on the top of the stack. The sublayer thickness was 
J from 1 to SOnm and as many as 60 bilayers were deposited in. some cases, 
e modulation was verified in some cases by small angle x-ray scattering. The depth 
ling was carried out by sims but the resolution was insufficient for analysing the 
'ace purity. 

vibrating sample magnetometer (vsm) and a Faraday balance were used for 
uring the magnetization, fmr was observed in the x-band, with the d.c. magnetic 
appli^ in the film plane (^f||) and normal to it (ffi). We obtain the effective 
letization 4nM' = where is the anisotropy field. Spin echo spectra 

taken at 4-2 K, either with or without an external field. 

Uouin light scattering experiments were carried out at the Fraunhofer Institut fflr 
wandte-fwtkorperphysik, Freiburg. One obtains the effective magnetization and 
factor as in fmr besides some information about the thicknesses of the sublayers 
the help of theories developed recently to calculate magnon energies in cfm. 
ley et al 1983; Griinberg and Mika 1983). 

Experimental results and discussions 

X-ray diffi-action 

lall angle diffraction the artificial periodicity due to alternate layers of the two 
s could be observed. Our study of Co/Mn revealed the first and second order 



Compositionally modulated magnetic films 

reflections indicating negligible interdiffusion of Co and Mn (Sakakima et i 
Nevertheless spin echo measurements indicated the contrary as we shall descr 
which simply means that in certain cases magnetic studies could be more pt 
From these x-ray reflections the period was calculated which agreed with tl 
determined from the thickness monitor. Due to want of enough number of 
such a study could not be carried out on Co/Nb samples. 

3.2 SIMS 

Considering the resolution limit of the apparatus which is expected to be about 
we examined a few samples where the sublayer thickness was greater thai 
Figure 1 shows a typical result for a Co/Nb sample where the Co counts are recr 
a function of etching time, which instead of being of rectangular wave fom 
broad peaks. This is precisely due to lack of resolution. We shall see that other n 
measurements yield more information on the state of the interface. It was alsc 
that the oxygen content was negligibly small. 

3.3 Magnetization 

VSM measurements were carried out only at 290 K. Figure 2 shows the decreas 
magnetization in Co/Mn cmf as a function of t^^. Also are indicated by dotted I 
trend considering either one or two dead layers of cobalt. The experimental 
between the two lines. The decrease in the magnetization with thickness of the m 
sublayer is a typical result in cmf. In the Co/Nb system, however, the magnei 
decreases faster and for = 5 nm it has fallen by about 18% and disappe 
< 2 nm (Krishnan 1985). Table 1 shows the results, where data on a single k 
films of about 85 nm thick is also recorded. However for ^Co ^ lOom the magnet 
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Figve 2. The thickness dependence of magnetization in Co-Nb and Co-Mn cmf samples. 


Table 1. Growth parameters of cmf and magnetization at 290 K 


Sample 

Sub-layer thickness 
nm±10% 

^Co ^Nb 

N° of bilayers 

4b M 

kG 10% 

1 

1-4 

1-8 

2-1 


2 


1-8 

8 

140 

3 


2*3 



4 

70 

9*0 

10 

16*8 

5 



11 


6 


4*5 

5 


7 

85 

single layer 

170 


s the bulk value independent of in the range studied here. It should be 
oned here that these measurements are global and give an average value. Faraday 
:e measurements were done on a couple of samples only to obtain the 
rature dependence of the magiietization and will be discussed in the following 


FMR at 290 K: FMiLtums out to be a more potential tool for studying these cmf 
5s and more information is obtained. As mentioned earlier, from the f/jj and i/j_ 
, the g factor and the eflfective magnetization 4nM^ were calculated. Knowing 
rom vsM measurements one can thus calculate the uniaxial anisotropy field, 
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The perpendicular resonance spectra in general show more than one absorption m> 
(Krishnan 1985). For sample 1, in the Co/Nb system one strong mode is obser 
followed by two more whose intensity is about 2 % of the first one. In other samples i 
could observe at least five modes of comparable intensity. Figure 3 shows the spectr 
for sample 3. The line widths are on the order of 60 Oe which are indeed narrow. 1 
presence of several absorptions could be considered as those arising from regions 
varying magnetization or, in other words, due to interdiffusion of Co and Nb. In on 
to check this a few samples were annealed in uhv at 240°C for about 4 hr in order 
induce some interdiffusion. However Hj_ spectra remained essentially the same w 
small shifts in the position of two modes in the low field side. This led us to conch 
that interdiffusion was negligible even at 240°C. This fact along with the rather shi 
lines observed would in our opinion indicate that interdiffusion is negligible in thi 
Co/Nb films. Angular dependences of was studied but could not give any clc 
result as to whether the different modes arise from regions of different magnetizati< 
However in the case Co/Mn samples for < 30 A on the contrary one could get soi 

indication that there were regions of varying magnetization. A similar result has be 
reported on sputtered Ni/Mo cmf (Pechan et al 1985). fmr measurements thus go a st 
further than those by vsm, probing somewhat locally the layered structure. At this sta 
of work the multiple resonance observed is attributed to the multilayered structu 
The highest H± mode was considered for the calculation of AnM' and g and t 
results for Co/Nb are given in table 2 where the anisotropy field, value, is al 
included. It is seen that a small uniaxial anisotropy is present and it goes through 
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Table 2. Some FMR properties at 290 K and the spin-wave stiffness constant D 


Sample 

4itAf' 

kG±l% 

4nM-4icM' 

= H^kOe±20% 

Linewidth Oe 

g 

D 

meV-A* 
±10% 

AH 

AH 

2 

12*9 

M 

55 

70 

2-106 

300 

3 

14-4 

2-6 

70 

100 

2-024 


4 

14-3 

11 

80 


2080 


5 

15-5 

1-5 

90 

120 

2-130 

280 

6 

16'5 

0*5 

40 

100 

2-120 


7 

17-3 

0 

40 

180-240 

2-120 

390 


dmum value of 2-6 kOe for — l nm. The absence of such an anisotropy in single 
jr Co films confirms that this anisotropy does not arise from magnetoelastic effects 
has to do with the multi-layered structure. The g factor in all the samples is close to 
which agrees with the well known value of 2-17 for cobalt. Similar results are 
ain^ also for Co/Mn samples. The fairly low line width (40 Oe) observed on single 
ir Co film lead us to expect a f.c.c. structure for this film. Also the coercive field in this 
iple was less than lOOe. 

) FMR at low temperatures: Both and i/|| were studied as a function of 
perature in the range 4-2 K to 290K. The results for Co/Nb are totally different 
n those for Co/Mn particularly for < 3 nm. Let us first consider the Co/Nb 
em. For samples with H_l spectra containing numerous modes not all of them could 
bserved in the low temperature range because some of them coalesce into one broad 
d. However, where the individual modes could be observed down to 4-2 K, 47tAf' 
calculated and its temperature dependence was found to follow Bloch’s law namely 
f (T) = 47 cM' (o) 11 —neglecting higher powers of T, This law is generally 
1 for magnetization 4nM but in our case 4nM' is considered. This indicates that 
follows Bloch’s law. We have verified this also for amorphous Co-Au films 
ishnan et al 1985a). We also checked the validity of Bloch’s law for 47iM by carrying 
measurements on a Faraday balance. Bloch’s law was also found to be valid for 
Ic layer Co film as is to be expected. Indeed similar results have been found for 
ral amorphous alloysj both metal-metalloid and metal-metal types. One interesting 
It is that the slope B for cmf is almost twice as high as that in Co films indicating a 
jring of r, for CMF (B = 3-10"® and 5-4-10- « K ‘ respectively for the Co film and 

torn spm wave theories, the spin wave stiffness constant D is related to the 
Bcient B through the relation 



re the symbols have their usual meaning. The D values thus obtained are given in 
5 2. The value of390 meV-A^ for the Co film is smaller than SlOmeV-reported in 
Jterature (Wohlfarth 1980). 

5 regards the Co/Mn system, results are not so straight forward. For instance in 
pies where tco < 3 nm, as the temperature is decreased H j_ increases from the 290 K 



Compositionally modulated magnetic films 

value as is to be expected but at a certain temperature it starts decreasing, 
indeed is very peculiar behaviour (Sakakima et al. 1985). This could mean tl 
T<T^ either AnM is decreasing or is increasing. To elucidate this, measure 
were made with a Faraday balance and it was seen that the magnetization a^ 
decreased for T ^Cr* This result was not understood initially but later spu 
studies revealed that some interdifTusion of Co and Mn occurs at the interface 
alloy could then explain at least qualitatively the decrease in AnM observed whict 
from antiferromagnetic interactions caused by Mn. A confirmation of this hyp< 
was obtained with samples, where ^Co ~ ^ nm, in which case no interdiflfusion of ( 
Mn takes place; thus the temperature dependence of AnM becomes normal as in < 
samples. 

3.4 Spin echo studies at 2 <T < ^-2 K 

While in Co/Nb samples only ^®Co spin echo signal could be studied, in the < 
Co/Mn samples one has the added advantage of observing the Mn signal also 
indeed clarified several points in the course of this study. Spin echo studies (Kr 
et al 1985b; Le Dang et al 1985) yield three important parameters, name 
frequency of the nuclear signal, the line shape and finally the signal intensit 
convenience let us discuss first Co/Nb and then Co/Mn systems. 

The ^®Co signal from the single layer Co film is centered near 222 MHz (fig 
which is slightly smaller than 228 MHz observed in h.c.p. cobalt but closer to i 
f.c.c. cobalt namely 217*5 MHz. This small difference could arise from stacking fa 
is interesting that in our case cubic cobalt is obtained. This confirms our 
hypothesis deduced from relatively low resonance line widths. The signals from: 
samples are also centered at about 222 MHz indicating that here also the Co sul 



Figure 4. Spin echo spectra for Co single layer (3) and samples 3 (2) and 2 (1). 
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Figure 5. Normalized spin echo signal intensity 
versus the cobalt layer thickness in Co-Nb cmf 
samples at 4-2 K. 


.c. Structure. The most important result is that in CMF samples even where 
i the frequency is the same which indicates that there are layers, of cobalt 
g;Detic moment as high as in the bulk. So considering our results from vsm 
lere Co magnetic moment decreased for t^< 7 nm) one is led to conclude 
rease in is a global effect and some cobalt atoms do still conserve their 

it. The line shape shows that the low frequency tail gets more and more 
as is decreased. This would indicate the presence of Co (in the 
th a reduced moment The study of the intensity of the Co signal from the 
lies gives an interesting result. The intensity was normalized to a unit area 
)y the number of Co sublayers. Figure 5 shows the result. The straight line 
gh the origin and the intensity point cojxesponding to the single layer 
reated as bulk). This point is however not shown in the figure in order that 
e could be chosen to bring out the results on cmf. The data points for 
tco = 10 and 10-5 nm lie close to the line. However for < 7nm, the 
points fall below the line indicating the presence of magnetically dead Co 
■tanceincMFwith tco ” 5 nm there are about 5 dead layers. Note that even 
im the intensity is non-zero. 

amples the results are more complex and richer as one could also observe 
ingals in some cases. For instance, in samples where > 3-6 nm, one 
isual Co signal centered near 222 MHz similar to Co/Nb samples. But in 
les where ^co — 1» 1 ■8 and 2-Snni the cobalt spectra are considerably 
1 an extra signal is observed at about 420 MHz which is attributed to Mn 
:t that the Mn signal disappears for > 3-6 nm would indicate that in 
tinuous film is formed. For < 3*6 nm, the fihn is porous and the Mn 
into these pores acquire a magnetic moment due to cobalt-nearest 
our case the very hi^ frequency of 422 MHz would correspond to a 
Hi as compared to 3 Hb found for Mn in f.c.c. cobalt This particularly 
Mn is not well understood at present The other features include a 
ved on the higher frequency side in the Co spectra which would indicate 
' some Co atoms with exhalted magnetic moment 
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3.5 Brillouin light scattering 

We present here in a very succinct manner our results on Brillouin light scatte 
studies on Co-Nb cmf samples (Krishnan et al 1984; Rupp et al 1985). 

The multilayered films with different elastic and magnetic properties give rise to 
phonon and magnon modes and the periodicity leads to new bands and band gai 
wave vectors near the center of the Brillouin zone. The in-elastic light scatte 
technique is well suited to study elementary excitations and particularly to investij 
surface spin waves in thin films. The experiment was carried out with an ar 
laser = 514-5 nm and with a 4 + 2 tandem Fabry Perot spectrometer (Sanderc 
1980). The surface spin waves commonly called Damon Escbach modes follow 
dispersion relation {(o/y)^ = H{H where the symbols have tl 
usual meaning and w = 1 —exp (— 2kd) where d denotes the film thickness. In the ( 
of multilayered structures for certain values of the thicknesses of the bi-layers the s 
wave band is broadened and the degeneracy of its branches is more or less removed 
structures with N alternating layers for example one observes N surface spin w 
branches under favourable conditions, if not, all of them may not be seen. We were a 
to achieve this in samples where ^Co == 21 nm and t^^ = 1-8 nm and with 5 bilayers, 
also found a very good agreement with the theoretic^ predictions. Besides, the value; 
4nM' and ^-factor computed from these experiments agreed very well with th 
obtained from fmr experiments. 

In conclusion, cmf of Co/Nb and Co/Mn have been prepared in uhv by evaporat 
and several magnetic properties studied. A uniaxial anisotropy has been observed. 1 
FMR spectra consist of several absorptions which are thought to be characteristic of c. 
For sublayers of Co which show the bulk moment, the T is still reduced with respect 
bulk Co. Spin echo studies reveal that whatever the Co sublayer thickness ( 
> 1-4 nm) some Co atoms do conserve the bulk moment. In Co/Mn systems, for 
< 3-6 nm, the films are porous and Mn atoms which apparently fall in the pores acqu 
a magnetic moment. The presence of dead layers is also demonstrated. Finally so] 
results on light scattering studies Vire also given. 
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Band theory analysis of shock velocity-particle velocity relations 
for metals 

S K SnCKA, B K GODWAL and R CfflDAMBARAM 

Neutron Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay 400085,! 

Abstract. The systematics of the shock constants in shock velocity-particle velocity rela 
for metals have b^ examined by energy band theory methods. The causes of non-linear 
this relation at high pressure are discussed in terms of electron transfer. 

Keywords. Shock wave; shock velocity-particle velocit y; band theory, s^d electron trai 


1. Introduction 

Measurement of Hugoniot equation of state has become one of the major task: 
shock wave research during the last forty years. The Hugoniot, as is well known, 
pressure-volume relation, which satisfies the shock jump conditions (Rice et al 1958] 
most experiments to date, the commonly measured variables are shock velocity (Us) i 
particle velocity (Up) and it is very common to represent the Hugoniot of materials 
its Us — Up plot. This representation is quite attractive, as shock velocity being 
essence a differential quantity, [Ko(pi — Po)/(^o " where pi and Po 

pressures behind and ahead of the shock front and Vi and are the correspond 
specific volumes or reciprocals of the corresponding densities, i.e., Ki = 1/pi, 

= 1 /po, is a very sensitive quantity. Thus changes in the equation of state due to varic 
physical phenomena, barely discernible in^Kcurves are ^ily seen in the [/, - Up pl< 
The Us — Up curve, in general, can be represented by the relation 

Us = a + bUp + cUl+-- 

where a, b, c, etc are constants for a particular material. It was found almost thi 
years ago that the 17, - Up relation of many materials was linear (i.e. c = 0) over i 
entire range of available data. Departures from linearity or breaks in 17,-17^ cur 
which were very few, could usually be traced to porosity, large Hugoniot elastic limit 
phase transitions. More recently, the other causes identified fornonlinearity have be 
the pressure and temperature - (these are simultaneously produced in a shock) indue 
inter-band transitions or core ionizations. Some schematic 17,— 17^ curves i 
presented in figure 1. The phenomenon responsible for the change in the slope of the 
— Up curve in each case is also indicated there. In this paper, we present a band thee 
analysis of some of these 17, - Up relations for metals (for a review of the applications 
band theory for equations of state theories, we refer to the article by Godwal et 
1983). 


3 
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2. Some detailed band theory results for po, a and b constants 

For the linear U, —U^ relation, the Hugpniot is completely described by the quantitie 
Po» 0 arid b. These are electronic quantities. The constant a, the intercept of U,-U 
curve, is the bulk sound velocity and is related to the isothermal bulk modules (Rice et a 
1958). 

Bo - Po a^. 

The slope b has been shown (Alder 1963) to bear a close relationship to the pressure 
derivative of the bulk modulus. 

B'o = (dJB/dp)p=o^4b-l. 

These relationships allow us to examine these by using the 0“K density functional 
theories (Hohenberg and Kohn 1965). Numerous calculations have been done 
e^«^ylbt-pe.Md Bq. Let us first see as to how well these theories predict these 
quantities. Figures 2 and 3 and table 1 show these values in comparison to the 
experimental data. The average agreement is 6 % for density and about 10% for pod^ 




Figure 2. Zero pressure atomic volumes of 
elements versus the atomic number. The exper¬ 
imental values lie along the quasi continuous 
lines. Those calculated by band theory are 
represented by points. 





Element 


^cal ^obs 


Li 

1-07 

1-08 

Na 

M4 

1.25 

K 

M5 

M75 

Rb 

- M8 

1-21 

Be 

104 

M3 

Mg 

1-27 

1-26 

Ba 

1-41 

1-08 

A1 

1'29 

1-34 

In 

1-40 

1-53 

n 

1-41 

1-38 

Sn 

1-46 

1-58 

Pb 

1*49 

1-528 


* see references for experimental values in Sikka and Godwal (1981b). 

and b. This is quite satisfactory in the framework of local density approximatic 
theoretical band structure methods. 


3. Physics of the d parameter 

The bulk modulus (and hence the a parameter in the present context) in the free elect 
theory is related to the electron density parameter 
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Figure 4. Shock bulk modulus (Po^^) versus 
the electron density parameter r, for elements. 



nd theory TOults of Moni 2 zi et al (1978) have shown that this relationship has 
eneral vahdity, if the electron density is taken to be the one in the interstitial 
3f an atomic sphere (e.g. the volume excluding the mufi^tin spheres). In figure 4, 
e plotted against these r, values. Pqo^ varies as instead of rf ^ as 
ed by the free electron theory. 


tore of the b pammeter 

ing the nature of the b parameter, there have been many speculations. Alder 
pointed out that b is related to the repulsive potential in a solid. This was 
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confirmed by Sikka and Godwal (1981a) who showed that b is related to the n 
parameter B in the empirical total energy expression formula (see figure 5). 

where rj = Vq/v. Al’tshuler (1965) noted that b for a material was dependent uj 
type of conduction electrons. This is evident from the values of b for materials 
the same number but different types of conduction electrons (e.g. see figure 6 for 
In general, b values are systematically lower for materials containing d electr 



B 

Figure 5. b versus the repulsive parameter B. 



Figure 6. Experimental b values for trivalent elements. 
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ntly, Sikka and Godwal (1981b) have interpreted this parameter through the 
potential theory for sp metals 

3Z£ = 0-6Z + l-37aZ'/^ 

is the valence charge; Rc the core radius; Ra the atomic sphere radius and a is the 
;e constant. This relation is displayed in figure 7. In this form b defines a ‘hard 
lius, at which the bottom of the conduction band becomes repulsive. It gives 
imum volume the sp conduction electrons occupy, consistent with core- 
nality requirements and the repulsion due to conduction electron-conduction 
interactions (Note the increase in R^/Rc with Z. It is due to conduction 
interactions as Ra/Rc is almost constant). 

'ansition metals and other d containing materials, a simple analysis of the b 
er can be done from the /-dependent pressure expression of Pettifor (1977) and 
osh and Anderson (1980). 

P = Z = «sp?sp + ”d?<(- 

I 

denotes the number of sp electrons, the number of d electrons and Psp and 
□rresponding average pressure per electron respectively. Using the expressions 
modulus and its pressure derivatives in terms of pressure derivatives (see 
t al 1983 for more details) it can be shown that 

2X 


X = —dn,,/dlni; = dnj/dlnu is s^d 

transfer parameter. A negative value of X corresponds to electron transfer 
■ d bands and a positive value indicates the reverse transfer. is the value for 
when .Y = 0 i.e. no electron transfer. From the experimental measurements of 



1.0 


2.0 


z 


3.0 


4.0 


Figure 7. (R^h/K) versus 2. The twp theoretical 

curves are:-with Slater exchange and-with 

Kohn-Sbam exchange. 
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various physical properties under pressure, and using a model description of th 
structure, Svechkarev and Panfilov (1974) obtained -values for Sd transition se 
figure 8, we plot these A'-values. This figure can be compared with the experii 
curve for b values (figure 9). It can be seen that the variation in b follows approxi 
the same trend as the ^-parameter. In the beginning of the series, X is large 
negative and consequently b values are low. The X parameter decreases towai 
middle of the series and changes sign and becomes positive near the end of the 
This is seen as the hardening in b values towards the noble metal end of the series, 
be added here that X is also related to the ratio Rc/Ra (Johansson and Rosengren 
Thus, the dependence of b on the core-radius holds both for sp and d containing i 



Figure 8. The available 
imental values of s^d elec 
transfer parameter for the 5d ' 
sitioD series (Svechkarev 
Panfilov 1974). 



Figure 9. b values for the three transition 
metal series. 


Electrons/atom 
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Up ( km/sec ) 

Figure 10. Model t/, - curves for Z = 3 from canonical band theory. 



Figure 11. I/, - curve for iodine (McMahan et a\ 1977), 
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5. Nonlinearity of U, — U, curve for s transitions 

Representative curves for Z = 3, evaluated from canonical band theory exp 
shown in tigurc 10 for the two cases when X = 0 and when X is large. It is ■ 
U, - Up curve is nonlinear for large X with downward curvature. This is ir 
agreement with the apw calculations on metallic iodine by McMahan et al ( 
be seen in figure 11. Similar trends arc also noticeable in other materials, not 



Figure 12. 11^ — 11^ duta for Mo. 
line is from the fit to the lower press 
The experimental points arc fre 
(1982). 



Figure 13. U, - curve for La (W. 
1981). The solid curves for lemperali 
Slater y and the dotted one is foi 
independent linear y. 
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, — Up curve for Mo is linear right up to 6.0 TPa pressure (figure 12). This can 
iderstood from the results of Pettifor (1977) on 4d transition metals which 
for Mo, the respective s and d electron populations do not vary drastically in 
ire region. In La, the U, - Up curve stiffens as pressure increases (figure 13). 
1 et al attribute this to the termination of the 6s — 5d transition due to the 
of 6s bands above the Fermi level. As La now contains only d electrons, the 
)f state stiffens due to the loss of s -► d softening mechanism. 
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Neutron beam research in magnetism: The Indian scene* 


N S SATYA MURTHY 

Physics Group, Bhabha Atomic Research Institute, Trombay, Bombay 400 085. India 


1. Introduction 

I consider it a great honour bestowed on me to be able to address the Physics Sectio 
this Session of the Science Congress. 

In this address, I have chosen to give an account of the applications of neut 
scattering to the study of magnetism and magnetic materials, with particular refers 
to our work at the Bhabha Atomic Research Centre, since this has occupied the gre 
part of my scientific career. 

Neutron beam research being a somewhat exclusive scientific pursuit, confine< 
laboratories where powerful neutron sources are available, the general scien 
community in India is unlikely to be aware of its growth. Therefore, I believe I wil 
forgiven if I take this opportunity to render i historical perspective to this narrai 

I do not do this with any claims to being a pioneer in this field. It so happened 
just when I joined the Atomic Energy Establishment (now called Bhabha Ato 
Research Centre) in 1958, to my good fortune. Dr P K Iyengar, the present Directo 
BARC, was laying the foundations of neutron spectrometry in India, apsara, Asia’s 
nuclear reactor was operating and the availability of ciRUS, one of the highest 
reactors in the world at that time, was round the comer. Dr Iyengar was obvio 
planning a comprehensive programme of neutron beam research at ciRUS an< 
preparation for it, I joined Wm, along with Dr B A Dasannacharya, in designing 
building the first neutron diffraction spectrometer. The spectrometer was built aro 
a naval gunmount, acquired from the Naval Dockyards in Bombay and had a 
degree of automation, achieved through an a.c. motor, microswitches, uniselectors i 
in telephone exchanges and presettable timers. Although Dr Iyengar’s interest du 
those days was in the study of phonon frequencies, he deliberately channelled 
attention to the magnetic aspects of neutron scattering in which he had done some Vi 
himself and saw great potentiahties. This spectrometer was thus first used for the st 
of the magnetic structure of iron-aluminium alloys. Another spectrometer, which 
available a little later, was soon converted by Dr Iyengar in an ingenious way for 
study of phonons by inelastic neutron scattering but, the first spectrometer came t 
associated with magnetic studies. Dr Iyengar has guided me throughout my scien 
career and any success our group has achieved is in great measure due to the direc 
and encouragement he has given us. 

In all this, we were encouraged and given a free hand for determining the cours 


* Manuscript originally prepared for delivering the Presidential Address of the Physics Section c 
Indian Science Congress, January 1985 
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rk by Dr Ramanna, whose primary interests were in the study of nuclear fission 
eactor neutrons. He clearly saw neutron beam research as a fertile training 
[ for scientists in the broader context of mastering reactor and nuclear 
ogies and left the details to the interests and predilections of the individual 
Today, if the neutron scattering accomplishments at Trombay are recognised in 
Qd abroad, it is because of the pioneering roles played by Dr Ramanna and Dr 
- and I dedicate this address to these two great scientists, 
e my colleagues like Dr B A Dasannacharya and Dr K R Rao who joined at the 
me and I were excited that we were participating in the development of a new 
experimental research, another event which greatly stimulated us around this 
s the visit to our group of Prof. K S Krishnan, who was then a member of the 
Energy Commission. Prof. Krishnan listened to our account of the virtues of 
I scattering with such attention and reacted with such enthusiasm that we all felt 
to produce some worthwhile results by the time of the dae Symposium at 
which was to be held a few months hence and which Prof. Krishnan promised 
d. The Waltair Symposium of February 1960 will always remain fresh in the 
es of those who attended it. Prof. Krishnan sat through every session and had 
ig questions and detailed comments on how neutron scattering compared with 
chniques like light scattering. 

r colleagues like Dr Ved Prakash Duggal, Prof. N Umakantha (now at 
ik University), Dr G Venkataraman and Dr K Usha Deniz had appreciated the 
c applications of neutron scattering, but their interests were in the dynamical 
of the magnetic interaction and they had perhaps decided thdt at the fluxes 
e in India such studies were difiBcult. (Nevertheless, they retained their interest 
eld and, as I shall subsequently relate, the latter two led me to the study of 
e interactions in paramagnetic salts.) Much later, when we had accomplished 
easure of success in magnetic structure determination by neutron diffraction, 
adhav Rao and I did return to the question of measuring magnetic excitations 
lall refer to it later. 

ly principal interests turned towards the use of neutron diffraction for the 
lation of magnetic structures and the production and application of polarised 
s to the study of magnetic moment density distributions in magnetic materials, 
^^ork, I have had the help and co-operation of a number of senior and junior 
es like Dr Venkataraman, Dr Usha Deniz, Dr Dasannacharya, Dr K R Rao, Dr 
Rao, Dr R J Begum, Dr V C Rakhecha, Dr S K Paranjpe and Dr R 
'arthy. In a major experimental effort of this kind, designing and building 
mt plays a crucial role and in this I have had immeasurable help from 
Soni, Shri C S Somanathan, Shri P R Vijayaraghavan, Shri Y D Dande and 
R L N Murthy. I am grateful to all of them. 

terest in the magnetic scattering of neutrons further crystallised when I spent a 
riod in the United States. I saw there that while several groups were already well 
led in the study of magnetic structures, polarised neutron spectrometers, were 
g installed. I also saw briefly a polarised neutron spectrometer in operation at 
Lven National Laboratory and several young scientists from uk and Europe 
I learn the technique. It, therefore, occurred to me that any programme that 
set up in India in the magnetic scattering of neutrons would have to include 
1 neutron spectrometry to be able to compete with other laboratories. The late 
dhu with whom I worked and Prof. C G Shull of mit were very sympathetic to 
5 for work in India. Accordingly, I resumed working with Dr Iyengar at the 
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ciRus reactor (with thermal neutron flux of 6 x 10^^ n/cm^/sec) and with enco 
ment from him set about the task of designing and building a polarised n 
spectrometer, while organising a programme of magnetic structure studies in 
compounds and intermetallics. In the last two decades we have pursued investi^ 
on magnetic materials with some success. Recently, we have been busy buildii 
instruments for use with the more powerful dhruva (thermal flux 2x10^"^ n/cn 
and look forward to another useful phase of neutron beam research in India. 

With these few personal remarks I shall now proceed to discuss the theo: 
practice of magnetic scattering of neutrons. 


2. Neutron and microscopic magnetic probe 

The thermal neutron possesses an intrinsic magnetic moment, a de Broglie wave 
of the order of interatomic spacings in crystals and an energy comparabl 
characteristic energies associated with magnetic excitations in crystals. The m* 
interaction of the neutron essentially arises from its interaction with the un 
electrons of the atoms in the lattice while it interacts with atomic nuclei via 
interactions. It is the first interaction which is of prime interest for us here. A fi 
rigorous exposition of the scattering theory of thermal neutrons from con« 
matter is not possible in a talk of this kind. In the next few paragraphs I sha 
outline the salient features of the neutron scattering process which will 1 
following the later portions of this talk. 

3. Principle of neutron scattering 

The neutron-nuclear interaction can be taken to be a sum of 5-function poi 
centred at each nucleus in the target and is given by 

t) = (2nh^/m)I.ibi5[t-r,{t)']. 

Here m is the neutron mass, b is the scattering amplitude and (t) is the positioi 
ith nucleus at time t. The neutron-nuclear interaction is short-ranged (10 
10” cm) and for thermal neutron (2 lA) the scattering from a nucleus is isc 
The magnetic interaction, on the other hand, is of long range and is given 

Kj^(r,t) = /i„*M(r,0. 

Here is the magnetic moment of the neutron, and M(r, t) is the magnetisati 
position r at time t due to spin and orbital motions of all the unpaired electron 
sample. Due to the spatial distribution of the magnetisation the scattering 
angular dependence or a form factor. 

The most general neutron scattering experiment consists in starting 
monoenergetic, (energy Eq, wave vector k©, |fco | = 27r/Ao) polarised (P) neutroi 
getting it scattered from the material under study and measuring the intensity, 
(£'), wave vector (k') and polarisation (P') of the scattered beam. Different van 
this are followed depending upon the type of information required about the sp< 
These variants may be broadly classified as diffraction (including polarised r 
diffraction) in which intensity correlation to obtain structural information is of i 
interest and inelastic scattering (including quasi-elastic and polarised neutron 
ing) in which energy and momentum correlation of the scattered neutrons are m« 
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: information about the dynamical features of condensed matter. Polarisation 
of the scattered neutrons enables determination of non-collinear spin 
;s, isolation of magnetic diffuse scattering and separation of coherent and 
nt scattering in non-magnetic systems, such as hydrogenous material. 

faction 

5ar scattering amplitude depends on the spin state of the scattering nucleus and 
nt for various isotopes of an element. Hence 

^ symbol < > denotes an average over all the atoms. The scattering then 

of a coherent part whose cross-section is proportional to and an 

It part proportional to >^. The Bragg reflected intensity is related 

done while the incoherent part gives an isotropic background modified by a 
jre factor. 

3ss-section for nuclear Bragg diffraction from a crystal 

(dcr/dnUclear Bragg = {No(27t)^/Vo}^-5{Q -T)F^(Tf. (3) 

: ko — k' is the wave vector transfer of the neutron and t is the reciprocal lattice 
le nuclear structure factor is 

F^(t) = 2:,<A>,exp0fr,)exp[-W{(T)]. (4) 

^e-Waller factor, exp (— Wi (t)) gives the temperature dependence of the Bragg 
s. The random’variation of the neutron scattering amplitude (h) along the 
able invests the neutron technique with certain important advantages such as 
on of light elements in the presence of heavier ones and the discrimination of 
ring elements which are difficult with x-rays. The magnetic Bragg scattering 
ion is given by 

dff/d£lMagn .Bragg (ye^lm^c^)No{2itflVo x 

xZ_,-<5(Q-T)f*,(r)^[l (5) 

1 1 } are unit vectors in the direction of the scattering vector and magnetisation 

ly 

sin^a = 1 — (6) 

ng an external magnetic field parallel and perpendicular to the scattering 

; magnetic scattering can be made zero or maximum respectively. The 
structure F^{x) is expressed as 

W = <S( >(T( exp (jx■ ri) exp[- Wf{T)], (7) 

jTomagnetic ratio and JI(t) is the form factor of the ith atom. <Si> is the 
'in at site i. The (±) sign of the a,- is decided by the direction of the spin at site 
ignetic structure of the crystal can be obtained from magnetic Bragg 
i. The magnetic form factor, )•, on Fourier inversion gives the radial 
»n of the difference between the up and down spin electrons. 

i fi{x)2nzdx = Ap(r) = p^(r)-p^(r) 


( 8 ) 
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For polarised neutrons the corresponding cross-section is 

(dff/dn) = No( 2 jr)Vf^o^Eexp[- 2 W'(T)] (by+ 2 (b) (ye^/m,c^) 
X ll2gf(z)(SyP-ti + (ye^/m,yf mf{rf <S>2x{3(Q-t)}. 

Here P is the polarisation of the incident beam. The interference between the n 
and magnetic scattering allows the determination of the magnitude and phase 
magnetic structure factor accurately. Fourier synthesis of the magnetic stn 
amplitudes provides model-independent magnetisation density distribution in tl: 
cell. 

3.2 Inelastic neutron scattering 

In a diffraction process, where no energy analysis of scattered neutron is involve 
essentially measures the time-averaged relative orientations of the magnetic mo 
or spin in the crystal lattice. The transverse fluctuations of these moments ( 
described as a coherent spin motion of a wavelike character of ‘magnons’ ai 
double differential scattering cross-section for neutrons is written as 

= (ye^m^y) x 

X {1/2^ /(0}^ k’/ko (1 + cos* a) exp {-2W'(Q)} x 
X S/2x(2n/Vofl-int + i ± ^)Hkco,-ho>)5(Q-q- 1). 

Here q is the wavevector of the magnetic excitation and ha>^ its energy, (n, + ^ ± j 
population factor for magnon creation or annihilation process. It is seen tha 
energy and momentum conservation conditions have to be satisfied 

Q = ko -k' and hco, = Eo —E'. 

The energies of the scattered neutrons are determined either by using a crystal aj 
or by a time-of-flight measurement. Coherent inelastic neutron scatterinj 
magnon dispersion relations which in turn throw light on the range and strengtl 
magnetic interactions operative in the crystal. Since the thermal neutron pc 
energy and momentum comparable to those of the magnons, the neutron sea 
technique is uniquely suited to map out magnon dispersion relations in the Bi 

zone. . . , f 

Having made a brief survey of the basic process and principles of neutron sea 
from magnetic crystals I shall now highlight some of the important studies can 
at Trombay over the last several years in magnetic structure determination, m 
form factor and spin density distribution studies using polarised neutrons an 
inelaistic studies leading to the evaluation of exchange interactions. 


4. Magnetic structure studies 


4.1 Ferrites 


± A Wf r 

Ferrites constitute an important class of technologically useful fe^agnetic n 
having high permeability coupled with high electrical resistivity. Soft magnetic 
(those which are demagnetised at zero field) have many uses in high frequency e 
and electronic devices such as transformers, aerials, dynamos, motors, mot 
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jlifiers and as memory elements in earlier computers. Hard magnetic ferrites, on the 
2 r hand, find application in devices such as loudspeakers, recording head and 
;netic tapes. Most of the soft ferrites belong to the cubic spinel structure in which 
magnetic ions occupy two inequivalent lattice sites with tetrahedral (^4) and 
hedral (B) oxygen coordination. The magnetic structure of such crystals essentially 
mds upon the type of magnetic ions residing on the A and B sites and the strength of 
nter- and intra-sublattice exchange interactions of the A and B sublattice 

Generally J^g is much larger than the other two and collinear Neel type 
magnetism results as in the case of Fe 304 . However, when of Jgg is comparable 

more complicated types of magnetic structures develop. A very interesting 
iple of this type of complicated ordering was first discovered by us at Trombay, in 
inc nickel ferrites. The variation of the net ferric moment with zinc concentration is 
inear and a number of previous measurements and theories had failed to explain 
)asic property. Zinc ferrite is completely normal (i.e. the divalent ions occupy the A 
and the trivalent ones the B sites) and becomes ordered only at very low 
•eratures while NiFe204 is completely inverted and has a high Curie point, 
le neutron diffraction measurements at Trombay for a number of intermediate 
)ositions over a wide range of temperatures established the existence of a Yafet- 
1 type of ferrimagnetic arrangement in these ferrites as shown in figure 1. These 
es, have, in fact been shown by the Trombay results to possess two regions of 
letic ordering: one, a canted Yafet-Kittel type and the other, a collinear, Neel type 
dering with two-well-defined transition temperatures. 

is is illustrated in figure 2. These complicated spin arrangements are due to the 
•etition of as many as five exchange interactions and explain many of the 
lagnetic resonance parameters of these ferrites. Beautiful confirmation of these 



Figure 1. Three-dimensional representation of Yafet-Kittel structure in a spinel ferrite. 
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Figure 2. Magnetic order in ZnxNii_*Fe 204 system as determined from nc 
diffraction measurements. 


results has been obtained by Scott and Reck in their Einstein-de Haas measuremer 
the magnetomechanical ratios of these ferrites which are also shown in figure 2 
^ Another class of mixed ferrites in which a similar non-collinear moment arrange] 
was discovered by neutron diffraction by us was the Co-Zn ferrite system. Fig 
summarises the variation of the Yafet-Kittel angles with temperature in these fer 



Figure 3. Variation of the Yafet-Kittel angle with temperature in COxZnj-J'cj 
;c = 0-25, 0-50 and 075. 
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interesting feature here is the absence of a Neel region as in Ni-Zn ferrites. The 
;ence of Yafet-Kittel type spin ordering was subsequently confirmed by Mossbauer 
surements by several workers on these materials. These experiments have thus 
Tseded earlier theoretical notions according to which cubic normal spinels could 
support a Yafet-Kittel spin canting. Similarly, a powder diffraction study on 
her spinel, Co 2 Ti 04 (in which both the Co ions are on the B site) at 4 K revealed 
this substance has a spiral magnetic ordering. I would like to recall here the careful 
gathering and analysis made by my early students, Dr M G Natera from the 
ippine Atomic Research Centre and Dr SI Youssef from the Atomic Energy Centre 
gypt who participated in these investigations on the ferrites, 
iite often, the solution of the magnetic structures of the mixed ferrites of the type 
issed above presents difSculties because of insufficient data and the number of 
neters to be determined, (cation distribution, magnetic moments and moment 
tation etc). This problem is particularly acute when single crystal specimens are 
asy to prepare. The use of polarised neutron powder diffraction in such instances 
mphasised by us and successfully used in a number of instances. This was 
ited by us in the elucidation of the structure of manganese cobalt carbide and the 
1 ferrites. I shall refer to this technique in connection with our recent work on 
V. The potentiality of this technique is indeed great and has not been fully 
ited. 

Heusler alloys 

er alloys with the chemical formula X 2 MnY exhibit chemical order characteristii^ 
npounds and at the same time have high metallic conductivity. Their magnetic 
rties are also intermediate between those of ionic compounds and of transition 
5. The crystallographic structure of this class of alloys can be conceived as 
lally arising due to the interpenetration of 4 fee sublattices belonging to the X, 
id Y atom species. The chemical (atomic) and magnetic structure of the Heusler 
with X = Pd, Cu, Co and Y = Ge, Sn, In and Sb were studied at Trombay several 
igo to arrive at an understanding of the ferro- or antiferromagnetic structure of 
illoys in terms of magnetic ion separation, and partial disorder. Much later, the 
Cu 2 -*PdjtMnAl was studied as a function of x to understand the role of the X 
on the magnetic structure of the alloy (Cu 2 MnAl is ferro-magnetic while 
nAl is antiferromagnetic). It was found that the transition from the ferro- 
:tic to the antiferromagnetic state occurs somewhere in between x = 0*8 and 0-9. 
agnetic ordering temperature was found to initially decrease with x, reaching a 
um and then increasing again. 


lagnetic form factor and spin density distributions using polarised neutrons 

sed neutron diffraction has been an extremely valuable technique for studying 
dectron distributions in magnetic material through measurements of magnetic 
actors. The principal motivation in undertaking the measurement of magnetic 
ictors with polarised neutrons has always been to gain a better understanding of 
ate electronic wave functions. How are the outer electron densities of free atoms 
d when the atoms are brought together in condensed matter? Equations (7) and 
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(9) of § 3 can be rearranged to show that there can be interference between nuclei 
magnetic scattering if there is no change of spin direction in the Bragg scat 
process. That is, for the non spin-flip process | , the Bragg cross-section is 

ida/dQ),^ ^|F^(t) + P-F„(t)|^ 

Figure 4 shows the schematic of an instrument for polarised neutron diffractome 
monochromatic polarised neutron beam is produced by Bragg reflection of 
chromatic unpolarised neutrons from the reactor by a polarizing crystal. The 
polarising crystal (the (200) plane of Co 92 Feo 8 crystal is an example) has (t) = . 
so that by equation (12) it has zero cross-section for neutrons polarised antiparai 
and a large cross-section for the reverse polarisation. 

The polarisation is maintained in the flight path to the specimen by magnetic g 
producing fields in the polarising direction. At a suitable point in this path a 
flipper’ is introduced. This may be a radiofrequency (RF) coil tuned to the La 
frequency as in the original diffractometer described by Nathans ei al and in Tror 
or one of a number of other devices. The purpose of the spin flipper is to revers 
neutron polarisation when it is ‘on’ and allow the neutrons to pass unchanged whe 
‘off’. In a polarised neutron experiment, the diffractometer and sample are set sc 
the peaks of a Bragg reflection enter the detector and the ratio between the cou 
rates for the two polarisation states is measured. This ratio, commonly known a 
‘polarising ratio’ or ‘flipping ratio’ is recorded for each reflection and these ratio 
constitute the basic raw data of the experiment. Figure 5 brings out the dispositi< 
Jhe various magnetic fields in the Trombay polarised neutron spectrometer. Ta 
lists the parameters of the Trombay polarised neutron spectrometer. 

In centrosymmetric structures when both F^(t) and are real and the nei 
polarisation is parallel to the magnetisation and perpendicular to the scattering ve 
the ratio R is 

R = {FM + F^(x)^ + 2F^ii)F^(r)}/{F^(x)^ + F^{x)^ 
-2FJx)F,ix)} = (l+y/i-y)^ 


Polarizing field 



Figure 4. Schematic representation of a polarised neutron diifraction spectrometer, 
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Figvre 5. A perspective view of the magnets in the polarised neutron spectrometer at 
Trombay. The cut-away section reveals the radio-frequency coil used for reversing the neutron 
polarisation. 


Table 1. Parameters of the Trombay polarised neutron diffractometer 


Neutron wavelength 

0-92 A 

Polarised neutron flux at 


sample position 

2 X lO^cm^/sec 

Second order contamination 

<1% 

Polarisation efflciency 

97% 

Flipping efficiency 

100% 

Polarising field 

0-3 Tesla 

Guide field 

0-012 Tesla 

Flipping frequency 

343 kHz 

Analysing field 

0 to 2 Tesla 


sre y — Fj^ (t)/F^ (t). The point I wish to emphasise here is that the polarised neutron 
mique fixes the relative phases of the magnetic and nuclear scattering experimen- 
y in centrosymmetric structures. Obviously a precise evaluation of the magnetic 
icture factors presupposes a knowledge of precise F^(t)’s. 

Jquation (13) assumes perfect polarisation and perfect spin reversal eflBciency of the 
coil and the absence of systematic errors principally due to extinction. While it is 
ier simple to correct for the first two, considerable caution has to be exercised in 
ounting for the presence of extinction in order to obtain accurate values of Fj^iz) 
m the measured polarisation ratios. 

Vith the knowledge of the phase and magnitude of the magnetic structure factors 
T a wide region in reciprocal space, one.can Fourier-synthesise them, using standard 
raging procedures to obtain model-independent magnetic moment density distri- 
ions in any crystal plane. Alternately one can interpret these measured magnetic 
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structure factors in Fourier space (reciprocal space) itself to obtain information a 
the asphericity of the local moment, the magnitude of the local moment, di 
moment, etc. The different theoretical approaches to the interpretation of pola 
neutron data have been discussed elsewhere. Here I confine myself to bringing ou 
essential physics that has emerged in different systems studied at Trombay. 


5.1 An intermetallic system, MnAlGe 

MnAlGe is an intermetallic compound, isomorphous with Mn 2 Sb (both have 
tetragonal structure) in which one of the Mn atoms is replaced with A1 and Sb repl 
by Ge. The site symmetry of the Mn atom is tetrahedral with a tetragonal 
surrounded by the A1 and Ge atoms. The observed magnetic structure factors were I 
analysed in Fourier space to obtain the fractional occupancy of the magnetic mon 
in the various symmetry orbitals appropriate to the tetragonal field. The signifi' 
outcome of this analysis was the highly non-spherical distribution of magnetic mon 
density around the Mn atom with a large fractional occupancy of the A,g orl 
disposed along the tetragonal axis, which happens to be the easy directior 
magnetisation. Figure 6 attempts to convey a pictorial impression of the asphericit 
this moment density. 



Figure 6. Pictorial representation of the four-symmetry orbitals of the Mn aton 
MnAlGe. For clarity, all the four orbitals have not been shown on the same atom. 
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etic scattering from ionic crystals has been generally discussed in terms of 
ular orbitals of transition metal complexes. This is useful both for relating trends 
5 n one ligand and another and also for comparing neutron data with those got 
esonance studies of ligand hyperfine interaction (lhh). Deviations from a simple 
nodel introduced by covalency effects are generally quite small (10 %) making 
ortant for a proper interpretation of the neutron data to know the metal ion 
i state wavefunction. Consequently, a majority of covalency studies have been 
ed to systems with spin-only ground states, but even here the interpretation of the 
mental observation is by no means trivial. Hubbard and Marshall for the first 
iiscussed the determination of covalency parameters from neutron scattering 
ments almost a decade after lhh was first observed by Owens and Stevens. The 
ag between these two developments refiects the difiBculties underlying the 
lination of the magnetic form factors of the desired precision, which situation has 
onsiderably improved, thanks to the availabihty of better neutron fluxes and 
neutron beam research techniques. Figure 7 shows how the presence of ligand 
i^erlap densities modify the ‘free ion’ magnetic form factor. 

'^ 304 : As an example of the molecular orbital approach (Hubbard and Marshall) 
Tpret covaiency effects from polarised neutron data, I shall discuss briefly the 
relation of the experiment on Fe 304 done at Trombay a few years ago. Fe 304 is 
srted cubic spinel ferrite in which the tetrahedral (A) sites are occupied by Fe^"^ 
id the octahedral (B) sites are randomly occupied at room temperature, by equal 
ITS of Fe^"^ and Fe^"^ ions. Using the form factor approach, attention was 
cally focussed on the moment distribution of the Fe^"^ ion on the A site (this 



Figure 7. Typical form factors for a 3d ion based on a simple molecular-orbital theory. The 
free ion form factor and the covalent form factor for both the paramagnetic and 
antiferromagnetic situations are shown. The dash lines indicate the three components of the 
covalent form factor due to the metal ion spin, the ligand spin and the overlap spin. 
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study yielded a more accurate value of the magnetic structure factors than an earliei 
conducted by us, principally on account of the use of thinner crystals which r» 
considerably systematic errors arising out of extinction). 

The tetrahedral crystal field splits the d level into two groups but with the E set k 
than Ti. We recall that in a pure crystal field situation, even in the absence of symm 
the moment density at A will remain centrosymmetric (see figure 8) and its form fa 
will be real. However, when one allows for covalency this is no longer true. 

The magnetic form factor will have an imaginary component /^{k) i.e. 

/(k) = /o (k) - iB (hkl)f, (k) + A (hkl)U (k). 

We calculate the overlap form factors corresponding to a given overlap density u. 
Slater-type orbitals for Fe^ given by Clementi and those of O 2 given by Watson, 
admixture coefficients which remain as adjustable parameters then determine to v 
extent the overlap form factors for the various crystal field states contribute to the 
form factor for the A site density. The covalency parameters for the A site (Al^, 
and Al) were sought by direct comparison of the calculated magnetic structure fac 



Fignre 8. Two neighbouring A sites in the unit/:ell, denoted by A 1 and A 2 together with t 
nearest neighbour oxygen tetrahedra. 
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the experimental ones by a least-squares procedure (see figure 9). This study leads 
le conclusion that about 28 % of the moment density is transferred from the A site 
le neighbouring oxygen ligands (i.e. about 7 % each). Quantitative evaluation of 
lency parameters (using an ab initio theoretical approach) of the ion in a 
hedral environment from an experimental study was the first of its kind. 

Disordered ferromagnetic binary alloys 

3d ferromagnets were the first class of materials to be studied with the polarised 
1 technique in the 60's at mit, usa by Prof. Shull and his students. From the analysis 
agnetic structure factors and from the moment density maps, definite departures 
spherical symmetry were observed for iron, nickel and fee cobalt while hexagonal 
It showed nearly spherical symmetric moment distribution (in cubic crystals, the 
5 e of symmetry of the moment distribution is denoted by p, the fractional 
ilation of the moment in the Eg orbitals. For a spherically symmetric distribution p 
t). It was found that iron has a decidedly large Eg symmetry with 
>54 while nickel has a pronounced T 2 g symmetry with p = 019. Another 
rtant feature in all these maps is the existence of a uniform negative diffuse 
ent density in the interstitial region. Figure 10 shows a moment density map in 



Figure 9. For caption, sec p. 402. 
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Flgare 9. For caption, see p. 402. 


nickel where these features are clearly seen. Very much later, the polarised 
technique was used in a variety of ferromagnetic 3d — 3d alloys to study the de 
concentration dependence of (a) the magnetic moment distribution (b) the asph( 
of the local moment and (c) diffuse monient density. Such experimental studies pi 
a useful testing ground to check band theoretical predictions, especially in regard 
and (b). The first systematic polarised neutron study of moment density distributii 
a 3d alloy with 4d impurities was undertaken by us. The system we investigated 
series of ferromagnetic Nii-^RUc alloys. This particular 3d—4d dilute systen 
chosen for our study because transport property measurements in the NiRu aUoyi 
indirect evidence of the formation of an impurity virtual bound state very na 
Fermi level In this picture, one should expect to find fairly extensive maj 
perturbations in the lattice. Magnetic structure amplitudes obtained from the poh 
neutron data were analysed using the form factor approach as also in terms of me 
density maps. A significant feature of these maps is the fairly strong perturt 
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Figarc 9. The form factors for overlap densities < dj-Zif'rff )> > and (.^e/^Eh )• (•) A 

9>)fi (c)ft. 


luced by the Ru impurity on the diffuse moment density i.e. at positions of the unit 
IT removed from the atomic sites. Whereas in nickel, Moon, hari observed a 
m negative diffuse moment density in these regions we observed in NiRu 
ds” of positive and negative diffuse density which grew at the expense of 
with increasing Ru concentration. Figure 10 illustrates this feature. The magnetic 
ricity parameter, however, was not significantly different from that in pure Ni 
. at the highest concentration (c = 0‘046) studied. Another interesting feature 
^ed by us in the NiRu alloy system was that the alloy form factor was sharper than 
:e Ni, the average sharpness varying from 0-7% to 3-5% over the impurity 
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Figure 10. Moment density map in the (110) plane in nickel (x = 0) and in Nii- 
(x = 0-027, OK)33 and 0K)46). Note the uniform negative diffuse moment density i 
interstitial region seen in pure Ni gets transformed into varying positive and negative islai 
diffuse moment density for different Ru impurity concentration. 


concentration range. The coherent potential approximation (cpa) is generally coi 
ered as the most advanced approximation to describe the electronic structui 
random alloys. A multiband cpa calculation carried out in this laborato^ on the N 
system was able to explain broadly the experimental features and also predici 
formation of Ru virtual bound states near the Fermi level (see figure 11). 

Another binary random ferromagnetic alloy system studied by us was Nii_, 
(c = 0-023,0-034) which is a 3d-3d system. When to the nickel matrix impurities i 
the 3d series are added, it was seen earlier that there is a peaking in the resi 
resistivity and a change of sign of the thermoelectric power when the 3d impur 
chromium. Such a system would be very interesting to probe with polarised neut 
The measured magnetic structure amphtudes in Nij -cCr^ (c = 0-023, 0034) tog 
with those of Ito and Akimitsu for c = 0-045 were fully analysed in Fourier space i 
the projection operator formalism to obtain the site moment and the asphe. 
parameter. A multiband cpa calculation using reahstic density of states carried o 
us explained quite well the observed evolution of the site moment and asphe: 
parameter with increasing Cr concentration, and also predicted correctly th 
concentration at which this alloy becomes paramagnetic. 

6. Spin wave dispersions and exchange interactions 

I have so far discussed the information provided by neutrons concerning the sta 
structural properties of magnetic materials, including moment density distribu’ 
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Density of states/orbital/spin 



Figire 11. Density of states of the Nij-xRUx their constituents obtained from 
multiband cpa. The curves above and below the energy axis correspond to spin-up and spin- 
down states respectively. Continuous and broken curves are e, and states respectively. 


rons are equally infonnative with respect to the energies of interactions in 
letic soUd. The most detailed information of the nature and strength of the 
inge coupling existing between pairs of magnetic atoms can be obtained by 
)mg the dispersion of spin waves in the medium. Spin wave energies increase rather 
ly with their wave*vector and therefore special techniques and high neutron fluxes 
ecessary for measurements involving explicit neutron energy analysis. However, 

: polarised neutrons and measuring the diffuse scattering from a magnetic crystal 
1 is mis-set from its Bragg position, it is possible to map appreciable portions of the 
»tic^ branch of the spin wave dispersion relation and obtain estimates of the 
inge interaction and the anisotropy energy. Our measurements on MnFe 204 are 
n in figure 11 The use of polarised neutrons permits great accuracy in that one is 
o eliminate the contributions to the intensity due to competing processes such as 
on and magnet-vibrational scattering. J^, the intersublattice exchange interac- 
Q MnFe 204 from these measurements is 19 K which is substantially smaller than 
3 O 4 Uab = 28 K) and agrees with the fact that MnFe 204 has a lower Curie 
jrature. It also establishes that Fe^ (i4)-Fe^ ^ (B) interaction is very strong in the 
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spinel structure. The higher temperature results of figure 12 show a rapid soften 
the spin waves (magnons) as the Neel point (570 K) of MnFe 204 is approach 
A knowledge of the dominant exchange integral (such as in spinels and 
magnetic insulators is of great importance in understanding their phenomenolo| 
systematics. As mentioned earlier, mapping out spin wave dispersion relations 
explicit energy analysis of the scattered neutron demands much higher neutron 
and is quite time-consuming. Furthermore, single crystal specimens of fairly 
dimension are required. An alternative method which was extensively exploi 
Trombay was to study the energy distribution of neutrons (conventionally c 
energy) scattered by the polycrystalline material in its paramagnetic state. When tl 
no residual order among spins and at large scattering angles, it has been shown 
Gennes that the second moment of the energy transfer suffered by the neut) 
directly related to the exchange integral 

<hW> = 8jt/3S(S-H)2:Z,J?, 

where Jj is the exchange integral with Z( being the number of magnetic neighbo 
the ith shell. Clearly this powerful technique is most appropriate when onl; 
exchange interaction is dominant. Figure 13 displays a typical energy distrit 
obtained in the case of TlMnFj which lead to a nearest neighbour exch^ge inters 
of 3 K. We have also shown that TlMnFa assumes an antiferromagnetic orderini 



Figure 12. Acoustic spin-wave dispersion curves in MnFe 204 ., at three temperature 
the ‘softening’ of the spin waves as is approached. 
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change integrals measured for some compounds by this method are sum- 
in table 2 together with those derived from spin wave dispersions, 
bsence of magnetic short range order in the above analysis should be 
3 ed. Any residual ordering present will vitiate these results as demonstrated in 
Df MnO where pronounced residual ordering exists at temperatures well above 
point of 122 K. 

Df-flight spectra taken on MnO above Tf^ indicated the possible existence of 
e-Iike excitations. Madhav Rao has, however, point out that scattering from 
terials cannot be interpreted in terms of spin-wave like excitations. The 
short-range order resembles closely the spatial short range order in liquids. 
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Figarc 13. The neutron time-of-flight spectrum scattered from TlMnFs powder at room 
temperature at scattering angle 45°. 


Table 2. Exchange integrals (in K) measured by paramagnetic neutron 
scattering and for spin wave dispersion fits 


From spin wave From paramagnetic 

Substance dispersion .-^3 scattering Jj. Jj, Js 


MnFj 

KMnFa 

RbMnFj 

FeFj 


008, -1-76, 0-05 *^2 A = -1-79 

-3-8. -on -312, - 

-3-4, 00.00 -3,3, - 

070, -2-65, -03 -, -3-0. - 
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Using the analogy of scattering by a liquid he has shown that the apparent energy 
in such spectra can be explained without recourse to any inelastic scattering d 
collective excitations. 


7. Form factors from polarised neutron studies on polycrystalline magnetic 
compounds 

In §4, I had mentioned that polarised neutrons are powerful probes to n 
ambiguities in the magnetic structure determination of polycrystalline ma] 
materials. Recently we applied this technique to an interesting class of transition 
nitrides,* namely Fe 4 N and Mn 4 N. These are cubic systems with the nitrogen 
occupying the body centre of a face-centred cube of transition metal atoms. The 
interesting feature of these compounds is the fact that because of the presence 
interstitial nitrogen atom, the comer and face centre transition metal atoms 
different environments and exhibit different magnetic moments. 

The polarised neutron diffraction patterns were interpreted by us to obtain d: 
magnetic form factors for the cube comer and face centre transition metal ion. 
case of Fe 4 N, the form factor of the face-centre iron atom is broader than that 
cube comer iron atom, indicating that the unpaired electron distribution in the f 
is more compressed than that of the latter. Interestingly, just the opposite feature 
seen in Mn 4 N, with the face-centre manganese atom having an unpaired el( 
distribution more spread out than that of the cube-comer atom. 

This is the first time that polarised neutron powder data have been used to id 
two distinct form factors in a unit cell. Another interesting feature which was obi 
in Mn 4 N is that the first two of its reflections, the (100) and (110) present themse 
the two good candidates for providing polarised neutrons. An evaltiation o; 
magnetic structure factors leads to the prediction of a polarised efficiency of 99-6 
94-8 % for the (100) and (110) planes respectively. Furthermore, the polarisation s 
the neutron for these two planes is in opposite directions. This then offe 
fascinating possibility of producing polarised monochromatic neutrons of eithe 
of polarisation by rotating the cryst^ from one reflection to the other, without t 
of electronic flipping devices. However, good single crystals of Mn 4 N required f 
purpose have not been grown so far. In these investigations, we had the collabora 
my student Marsongkohadi and others of the Bandung Institute of Techr 
Indonesia. 


8. Future facilities 

In this brief talk I have attempted to convey to you some of the excitement in the 
neutron beam research in magnetism which my colleagues and I have shared o 
last two decades or so. In the new reactor dhruva at Trombay, we have a neutron 
more powerful than qrus by a factor of 2 or 3. With the installation of a cold sou 
a hot source (which shift substantially the reactor neutron spectrum towards k 
higher energies respectively) and the neutron guide tubes, we will have tailored r 
beams which will enable us to do a new class of experimental studies hithe 
p>ossible at the ciRus. 
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Figore 14. A full schematic layout of the neutron beam research instrumentation at the 
DHRUVA reactor. 

these additional features, we expect to get counting rates up by an order of 
ide in several experiments at dhruva. Figure 14 shows the layout of the 
lental facilities which are coining up around the dhruva reactor. Specifically, in 
I of magnetism we will have three additional facilities, namely the polarisation 
spectrometer, the polarised neutron diffuse scattering spectrometer and the 
igle spectrometer which will enable us to study paramagnetic form factors and 
lagnetic structures with great precision, probe perturbations around magnetic 
n solids and sample magnetic inhomogeneities over a range of 10 to 1000 A, In 
\ developmental activities it has been our constant endeavour to design and 
z ourselves the instrumentation composing the spectrometers, the cold and hot 
adlities, the neutron guide tubes and the control and data acquisition systems. 
Lture we also have the possibility of much more intense neutron sources, based 
erators at the new centre for advanced technology at Indore, 
ik you for your attention. 
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Heterogeneous nucleation and growth of polycrystalline silicon 


•R DHANASEKARAN and P RAMASAMY* 

. Crystal Growth Centre, A. C College of Technology, Anna University, Madras 600 025, Ii 

MS received 20 March 1985; revised 5 July 1985 

Abstract. The heterogeneous nucleation theory of silicon on SiOi and Si 3 N 4 substrates 
been developed using classical theory. It is shown that the experimental observations car 
explained on the basis of the bond energies of O-H, N-H and Si-R A reaction mode 
proposed for the growth of silicon on silicon from silane, using hydrogen as a carrier gas in 
temperature region 600-900°C. The growth rate of silicon is shown to be equal to PsiH 4 /- 
when the partial pressure of hydrogen is high, and is independent of the total pressure and 
partial pressure of hydrogen in the lower region. 

Keywords. Silicon layer; heterogeneous nucleation; SiOj and SisN^ substrates; gro' 
rates; step-kink. 


1. Introduction 

Polycrystalline silicon layers are extensively used in the electronics industry. Gas ph; 
reactions in silicon epitaxial growth have been studied widely by a number of auth< 
and reaction models deduced from an equilibrium view point (Sladek 1971; Blo< 
1970; Bylander 1962). However, the actu^ reaction is not in equilibrium, but rati 
quasi-equilibrium (Aoyama et al 1981). In the first part of this paper we present i 
heterogeneous nucleation phenomena of silicon on Si 02 Si 3 N 4 substrates a 
function of temperature using the classical nucleation theory (Sigsbee 19 
Dhanasekaran and Ramasamy 1982). In the second part we propose a model for ' 
growth of silicon layers on silicon from silane as a function of temperature and 
different total pressures, with and without hydrogen, based on the growth proc 
described by Kossel and Stranskii (MuUin 1972; Strickland-Constable 1968) wh 
adatoms arrive at the surface and diffuse to kink sites where they are incorporated in ’ 
crystal lattice (Dhanasekaran and Ramasamy 1981; Hartman 1973). Burton et al (19 
have given the mathematical and physical frame work to calculate the kinetics of crys 
growth. 

The expressions for the equilibrium concentration of critical nuclei of silicon 
Si02 wd SisN^ substrates have been established and taking into account the O- 
N-H and Si-H bond energies, the different behaviour of the silicon nucleus on the Si 
and the Si 3 N 4 substrates can be explained qualitatively. It is found experimentally t 
the behaviour of equilibrium concentrations of the silicon nucleus on the Si 
substrate increases with temperature in the range 600-900°C, while beyond 900‘'( 
tends to decrease, whereas the concentration of silicon on the Si 3 N 4 substrate is foi 
to decrease with increase of temperature. At high temperatures the growth rate 
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m is determined by gas phase diffusion of the reactant to the growing interface and 
w temperatures surface reactions determine the growth rate, independent of the 
nitude of the total pressure. In the present investigation the growth rate of silicon 
licon from silane, using hydrogen as a carrier gas, is evaluated in the temperature 
e 600-9(X)°C by considering a reaction scheme including the dissociation of SiH 4 
SiH 2 , adsorption of SiHi on the lattice, surface diffusion of SiH 2 to the free step 
hen to the kink site. It is observed that the growth rate of silicon is proportional to 
atio of the partial pressure of SiH 4 to that of H 2 in the case of the partial pressure 
2 exceeding 10" ^ bar. If the partial pressure of H 2 is low, then the growth rate is 
Dendent of the total pressure and the partial pressure of hydrogen. 


>Iiicleation of silicon on Si 02 and Si 3 N 4 substrates 

rding to the classical heterogeneous nucleation theory, the balance of the cohesion 
een the silicon atoms in the cluster and the adhesion between silicon and foreign 
xate determines the shape of the nucleus. For high adhesion energy the nucleus 
ipread on the foreign substrate, for high cohesive forces the nucleus will have a 
; or less spherical shape which resembles that for homogeneous nucleation (Bloem 
Oiling 1978). 

le net free energy change upon the formation of a cap-shaped silicon embryo on the 
xate, taking into account the net interfacial energy terms and the volume free 
ly change is (Sigsbee 1969) 

AG= -^7tr^f~hi-^V(2-3cos0+cos5fl)/4] + 

3 \vpo/ 

-h47cr^[(l -cos fl)/2]ag„ + sin^ (1) 

e r is the radius of the silicon embryo, kT]n p/po is the supersaturation function, 
r„ and are the ihterfacial forces between nucleus and gaseous phase, substrate 
lucleus, and substrate and gaseous phase, respectively, and 0 is the contact angle. 
:he critical nucleus, the free energy of formation is 


3(irinp/po)^’’'^ 

(2) 

<^(0) = (2 - 3 cos 0+cos* 0)/4. 

(3) 


epitaxial position of the nucleus will have a smaller contact angle 6 on the foreign 
rate and consequently a lower value of the energy of formation of the nucleus, 
formation energy in turn strongly depends on the supersaturation. This leads to a 
on between incoming flux, substrate temperature and nucleation behaviour. The 
mtration of the critical nuclei having n* silicon atoms formed on the substrate is 

. (4) 

i C, is the number of sites on the substrate and C(l) is the monomer concentration, 
e above classical nucleation theory is used to explain qualitatively the nucleation 
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Figure 1. Typical experimental variation of the equilibrium concentration of the sil 
nucleus as a function of temperature for silane, using hydrogen as a carrier gas, on SiOi 
SiaN^ substrates. 


behaviour of silicon on SiOi and SiaN^ substrates. Figure 1 shows the experimei 
observations of typical variation of silicon cluster concentration with substi 
temperature for silane in hydrogen as a carrier gas on SiOa and Si 3 N 4 substrates in 
range 600-9(K)°C (Claassen and Bloem 1981). It can be observed that the concentrat 
of silicon nuclei on Si 02 substrates increases with increasing temperature whereas 
density of silicon clusters on SiaN^ substrates decreases in the temperature range 
600-9()0°C using hydrogen as the carrier gas. The difference in nucleation behavic 
of silicon between SiOa and Si 3 N 4 substrates is explained by a strong adsorption 
atomic hydrogen on the SiOi substrate. Since the difference between the O 
(102kcal/mole) and the N-H bond energies (83 kcal/mole) is about 20kcal/m 
(jANAF Tables 1971), the energy of formation of the silicon nucleus on the Sii 
substrate is very different from that of the silicon cluster on Si 3 N 4 substrate. M( 
theoretical work is required to compare the observed experimental rest 
quantitatively. 


3. Growth of silicon layers from silane 

In the temperature range of600-900°C, the growth of silicon is limited by a chemical 
surface controlled process. It is assumed for the low temperature growth of silicon tl 
adatoms arriving at the step, diffuse to kinks which are present on the step wit! 
velocity sufficiently high to assure an uninterrupted lateral movement of the sU 
(Bloem and Giling 1978). If the chemical reaction is rapid then a general model rema 
in which silicon adatoms diffuse over the surface to steps and along the step to a stal 
kink position (Dhanasekaran 1984). Reactions such as adsorption, desorption, surfE 
diffusion to the step and then one-dimensional diffusion to the kink involve activati 
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f. The growth rate R resulting from these processes can be described by the 
ision 

RocQxp{-AH/R^n (5) 

AH is the apparent activation energy for the processes, R^ is the gas constant and 
e absolute temperature. According to our scheme of reaction, the total activation 
^ can be assumed to be made up of five parts, i.e., 

AH = Aif 1 + AH 2 + AH^ + AH 4 + AH^ , ( 6 ) 

AHi, AH 2 , A/fa, AH 4 , and AHs are the activation energies associated with the 
iation of SiH 4 in the gaseous phase, adsorption, surface diffusion to the free step, 
on to the kink site and growth of silicon layers respectively. The total activation 
for the growth of silicon from silane in hydrogen as carrier gas is about 
1/mole (Claassen and Bloem 1981). 

action scheme will be presented in the following including the dissociation of 
0 SiHi, adsorption of SiH 2 on the lattice, surface diffusion of SiH 2 to the free 
id then to kink site to explain the experimental observations. The following 
ce of steps are taken into account: 
e dissociation reaction in the gaseous phase 

SiH4^SiH2 + H 2 . (7) 

*-i 

at of reaction (A/f 1 ) for the above reaction is 52 kcal/molc (Newman et al 1979). 
sorption of SiH 2 on a free surface site 

SiH2 + *^SiH2*, (8) 

" denotes a free site on the surface. The heat of adsorption of SiHj on the silicon 
: is approximately -73kcal/mole (Chernov 1977). From ( 7 ) and ( 8 ), the 


tration of SiH 2 is 

[SiHz] = PsiH* ^1 /{^ -1 Ph,+^2 [ *] }■ (9) 

rface diffusion of SiHj to a free step site * (step) 

SiHa* + * (step) ^ SiHz**. (10) 

fc-3 

f above reaction is about —73 kcal/mole. The concentration of SiH* is 

[SiH 2 *] = [SiH 2 ][*]/C 2 /{fc -2 +/C3[*(step)]}. (11) 

ffusion to the free kink site * (kink) 

SiHj** + * (kink) ^ SiHj***, (12) 

[SiHj**] = [SiH2*][*(step)]fc3/{k-3 + fc 4 [*(kink)]}. (13) 

)wth of silicon and release of hydrogen 

^5 

SiH 2 *** Si (crystal) + H 2 + * + *(step) + * (kink), (14) 

k-s 

[SiHi***] = [SiH2**][*(kink)]k4/{fc-4 + kj}. 


(15) 
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The [SiH 2 ***] can be calculated by assuming the steady state conditions. Usin 
assumptions that fc 4 /c -3 ^ fc 2 , [*(step)] ^ /c _2 fci and < k_^ and fror 
(11), (13) and (15), one can get 

rsiH **♦■] ^ fcifc2fc3fc4Psim[*][*(step)][*(kink)] 

(^-iPHj+^ 2[*])^-2^-3k-4 

With ki/k-i = CiQxp{—AHi/R^T) (Claassen and Bloem 1985), (16) can no^ 
rearranged as 


[SiH2***]=CiC2C3C4 


PsiH. [*] [*(step)] [* (kink)] 


PH, + (*^ 2 [*]/kl) 

xexp{-(AHi +AH 2 + AH 3 + AH^)/R^T}. 

The growth rate of silicon is given by 

R = CsCSiHj***] expi-AHi/R^T). 

Incorporating the value of [SiH 2 ***] from (17) in (18), the growth rate become 
Psift, [*][* (step)] [*(kiiik)] 


R=ZCr 

1 


PH, + (*2[*]/fc-l) 




It is observed in (19) derived above that the growth rate of silicon from silai 
proportional to PsiR^/Pui when hydrogen is present in the carrier gas and ki/k^ i < 
In the temperature region of 600-900°C, the partial pressure of hydrogen is foun 
have a pronounced influence. Figure 2 shows the typical experimental variation o] 



Figure 2. Experimental variation of the growth rate of silicon at TOO^C, for 0-2 vc 
percent silane and different mixtures hydrogen and nitrogen at atmospheric pressure (Cla 
and Bloem 1981). 
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h rate of silicon at 700^C for an input concentration of 02 volume percent silane 
ifferent mixtures of hydrogen and nitrogen (Claassen and Bloem 1981). A high 
h rate of silicon in inert ambients is observed, much higher than in hydrogen, 
fore, if the partial pressure of hydrogen is zero or very less, the growth rate in inert 
much larger than in hydrogen. As discussed above, in the temperature range of 
900°C, the growth of the silicon layers is the surface controlled reaction and the 
mt activation energy (csj40kcal/mole) is almost independent of the partial 
re of hydrogen. In the present model, the best fit of the experimental data can be 
ed in the low temperature region with small temperature dependence of A:2/k-1 
ned with a concentration of free surface sites and free step sites almost equal to 
al number of sites. Based on the reaction scheme given above, an evaluation of 
nd AH5 can be made, giving AH 4 -^ AHs — 130kcal/mole. 


mcliision 

ideation of silicon on Si02 ^d Si3N4 substrates has been qualitatively studied 
he classical heterogeneous nucleation theory. The experimental observations of 
nudei on Si02 substrates which increase with increasing temperature while 
sing on Si3N4 substrates, using hydrogen as a carrier gas is explained on the basis 
relative bond strengths of the O-H (102 kcal/mole), N-H (83 kcal/mole) and 
onds (70 kcal/mole). 

le temperature region, 600-900®C, the surface reactions determine the growth 
silicon, which decreases with increasing hydrogen partial pressure giving 

K = PiK./(^ + PH.). 

-ues of the partial pressure of hydrogen exceeding 10“ ^ bar, the growth rate of 
is directly proportional to 


vledgement 

the authors (rd) thanks the ugc. New Delhi for financial support. 


ices 


T, Inoue Y and Suzuki T 1981 Semiconductor silicon 1981 (cda.) H R Huff, R J Kricglcr and 
ceishi (Pennington: The Electrochemical Society) 

1970 J. Electrochenu Soc. 117 1397 

md Giling L J 1978 Current topics in material science (cd.) E Kaldis (Amsterdam: North-HoUand) 

i K, Cabrera N and Frank F C 1951 Philos. Trans, R. Soc. 243 299 
E G 1962 J. Electrochem Soc. 109 1171 
A A 1977 J. Cryst. Growth 42 55 

WAP and Bloem J 1981 Semiconducior silicon 1981 (eds) H R Huff, R J Kriegler and Y Takeishi 
ington: The Electrochemical Society). 

WAP and Bloem J 1985 to be published 

aran R and Ramasamy P 1981 Cryst. Res. Technol 16 1347 

aran R and Ramasamy P 1982 J. Phys. D: Appl. Phys. 15 1407 



Nucleation and growth of silicon 


Dhanasekaran R 1984 Some studies on surface nucleation, crystal-solution interface and predpi 
oxides in CZ silicon Ph.D. thesis, Anna University, Madras 
Hartman P (ed.) 1973 Crystal growth: an introduction (Amsterdam: North Holland) 

JANAF Thermochemical Tables 1971 2nd cd., nsrds-nbs-37 
MuUin J W 1972 Crystallisation (London: Butterworths) 

Newman L J, O’Nei H E, Ring M A, Flcska F and Shipley N 1979 Int. J. Chem. Kinetics 111 
Sigsbee R A 1969 Nucleation (ed.) A C Zettlemoyer (New York: Marcel Dekker) 

Sladek K J 1971 J. Electrochem. Soc. 118 654 

Strickland-Constable R F 1968 Kinetics and mechanism of crystallisation (London: Academic Pri 




Bull. Mater. Sci., Vol. 7, No. 5, December 1985, pp. 419-422. © Printed in India. 


Deep electron trap level in semi-insulating GaAs 
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Abstract. The experimental data on the Hall measurements have been used to characteri 
deep electron trapping levels in Cr doped semi-insulating GaAs crystals. The energy of the le^ 
below the conduction band edge has been found to be ~ 08 eV and is thought to be related 
Ga vacancies in the host crystal and Cr impurities. 

Keywords. Semiconductor devices and nmterials; semiconductors (Ul-V); Hall measui 
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Transport properties of GaAs and Gai -^Al^As alloys are important because of the 
potential applications in a variety of semiconductor devices both optical and microwav 
The author has previously reported the interpretation and analysis of the Hall electro 
concentration (Saxena 1982) and the capacitance measurements on the Schottk 
Barrier diodes (Bhattacharya et al 1979) to characterize various energy levels in tl: 
band gap of Gai-^Alj^As crystals, supported by semi-insulating (si) GaAs substrate 
From the point of view of device applications such as fet and integrated circuit 
identification and characterization of energy levels in si GaAs is extremely importan 
Although VPE, LPE and bulk GaAs crystals have been studied (Hasegawa and Majerfel 
1975), not much is known about the traps in si GaAs. In the present letter, we presei 
results on the temperature dependence of for Gai - j^Al, As/GaAs crystals to identii 
traps in si GaAs. 

The high purity Gai _,Alj;As layers were grown on Cr doped si GaAs substrates b 
LPE. The Hall measurements were made on standard Clover leaf samples and in 
magnetic field of 5 kgauss. Sn was used to make the ohmic contacts by firing them in a 
H 2 atmosphere for -- 3 minutes at 500®C. The temperature of the sample could h 
stabilized to within ± 1K and a high impedance electrometer was used to measure th 
signals through the samples. To account for the finite size of the contacts, correctio 
factors as given by Van-Der Pauw (1958/59) were applied to calculate from th 
measured values. 

The variation of n„ with temperature for a typical Gai-jjAl^As {X = 0*23) laye 
supported by SI GaAs substrate is shown in figure 1 by full squares. The decrease in n 
below 300 K is due to electron ‘freeze out’ to a non-shallow level in the alloy while in th 
temperature interval 300 ;g T 500K, it is due to intervalley electron transfer from th 
central to the satellite minima For T ^ 500K, increased sharply with temperatun 
This could be either due to (i) ionization of deep energy levels in the band gap of th 
alloy, or (ii) due to the electron conduction in the si GaAs substrate. Next the epitaxii 
layers were removed by chemical etching and measurements repeated on si GaAs onl; 

4] 
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Figure 1. Temperature dependence of the Hall electron concentration for lpe 
Oai.^cAljcAs alloy (x » 023) (■) and semi-insulating OaAs substrate (•). Also shown 
(broken line) is the calculated due to the intrinsic ionization of GaAs. 


:s so obtained are also shown in figure 1 by full circles. 

11 concentration is calculated from the equation (Van-Der Pauw 1958/59) 

n„^BI{qtAR), ( 1 ) 

: magnetic field strength, t = tluckness of the layer on which measurements 
q — electronic charge and AR = change in transfer resistance of the layer on 
ition of the magnetic field. From (1), it follows that 






Deep electron trap level in semi-insulating GaAs 

where the subscripts e and s represent the epitaxial layer and substrate, respec 
Since the parameters t and LR are known experimentally, we find that 
temperature interval 500 ^ 750K, the ratio given by 2 is 35. On the other haj 

measured value of this ratio as obtained from figure 1 is also 35 for the 
temperature interval. Thus, the abrupt rise in for T S 500K is due to the el- 
conduction in the si GaAs. 

In order to analyse the data for Gai _, Alj^ As layers and to account for the abru 
in 71^ at high temperatures, an electron level with activation energy of ~ 0*8 e 
needed (Saxena 1982). However, using capacitance measurements on Schottky I 
diodes, we could not detect any level in Gai Al, As layers with such a large acti' 
energy (Bhattacharya et al 1979). This further supports our conclusion that the ris< 
at high temperatures is indeed due to the electron conduction in SI GaAs and not • 
such deep energy levels in Gai-xAl^As layers. 

The next question arises about the possible conduction mechanism in SI Gs 
high temperatures. There could be two possibilities again namely (1) ionizatio: 
deep energy level and (2) intrinsic ionization of GaAs. 

We have calculated due to intrinsic-ionization from the following equ: 
(Saxena 1982) 


where 


and 




n = «! +n 2 = JVj., exp [ -EqI2 KT'\ 
Nc = {A^lh^){nmu2KTf‘^ 


Here the subscripts 1 and 2 refer to the central and satellite minima, respectively, 
the sub-band gap between these minima and £^, the band gap. Considerir 
= 0-067 mo, m 2 = 0-55 mo, Eq = 1-425 eV, AE 12 = 0*285 bV and Pilpi — 8 (S 
1982), is calculated and the results are shown in figure 1 by the broken line 
evident that the slope of the curve for intrinsic ionization is different than f 
measured for G^s. Also the intrinsic ionization occurs at much higher ten 
tures than the observed n„ for GaAs. Hence, the abrupt rise in at high temper; 
could not be due to intrinsic ionization. A computer analysis of the Hall da 
Gai _ X Alx As layers indeed requires a deep level with an energy of 0-8 e V, whid 
turns out to be the activation energy of a level in si GaAs. 

It is interesting to note that an electron trap level with an activation energy of 0 
is present in n-type vpe and bulk GaAs (Hasegawa and Majerfeld 1975) and a 
Cr-doped n-type lpe GaAs (Martin et al 1977). Compared to shallow donor densii 
trap density has been found to be much larger in bulk GaAs, as expected, sin< 
083 eV trap level has been shown to be related to Ga vacancies in the host c 
(Hasegawa and Majerfeld 1976). Thus, it is tempting to think that the level obser 
SI GaAs in the present work is also related to a complex of Ga vacancies ai 
impurities. We would have liked to further verify our results by measuring or 
epitaxial layers of Gai _x Alx As without substrates but this could not be done due 
very small thickness (-- 5 /an) of these layers. 
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Abstract. The technique of high pressure is utilized to study the carrier transport behav 
in doped and undoped bulk amorphous (GeSe 3 .s)ioo-xBix (x = 0, 2, 4,10) down to lit 
nitrogen temperature to observe impurity induced modifications in amorphous semicom 
tors. It is observed that pressure induced effects in lightly doped (2 at % Bi) and heavily dc 
(x = 4, 10) semiconductors are markedly different Results are discus^ in view of 
incorporation behaviour of the bismuth impurity. 

Keywords. Amorphous semiconductors; pressure induced effects; chalcogenide gla 
doping of chalcogenide glasses. 


1. Introduction 

The scientific community has recently shown tremendous interest in amorph 
semiconducting materials due to their possible wide applications in science ; 
technology. Both the major categories of amorphous semiconductors: (i) th 
tetrahedrally bonded (e.g. Si, Ge etc) and (ii) the chalcogenides (e.g. AS 2 S 3 , Ge*Sj 
GCxSei-, etc) have been extensively investigated. Their development and characte 
ation with controlled doping is of utmost importance for their technolog 
applications. Many problems of controlled doping (n-type and p-type) of the : 
category of semiconductors have been studied and understood. But the problen 
controlled doping (n and p-type) of amorphous chalcogenides remains unsolved ar 
in its initial stages (Brodsky 1979). It has only been recently discovered that some I 
Germanium chalcogenides can be doped w-type (which are otherwise always p-type; 
incorporation of certain heavy metal atoms in large concentration (Nagels etal IS 
This is a surprising result of great significance. 

We have initiated an extensive study of the problem of controlled dopinj 
amorphous chalcogenide semiconductors (Bhatia 1983; Bhatia et al 1983,1984). In 
continuing programme, we have utilized the high pressure technique to study 
carrier transport behaviour in doped and undoped bulk amorphous (GeSe 3 . 5 )ioo - 
down to liquid nitrogen temperature for the first time to learn more about 
modifications induced in the network by the dopant metallic atoms in such 1 
concentrations. 


To whom all correspondence should be addressed. 
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Experiment 

5 doped semiconducting materials ( 00803 . 5)1 oo-xBix = 0,2,4,10) are prepared 
the conventional melt quenching technique using high purity elements (99-999 %). 
n-crystalline nature of the synthesised material is confirmed by x-ray diffraction, 
irmal analysis is carried using Stanton Red Croft Model dta-673-4 thermal analyser, 
iples are always sealed in an evacuated quartz ampule for dta work to avoid 
:tion with atmospheric gases. Experiments are performed using a calibrated 
Igman anvil system consisting of a tungsten carbide anvil (Bandyopadhyay et al 
)). Pyrophillite gaskets are used with steatite as a pressure transmitting medium, 
cell is pressurised in a hydraulic press upto about 100 k bar. The system geometry 
luces approximately hydrostatic pressure at the sample. Measurements of resis- 
/ are made using a four probe method with a Kiethly digital electrometer and a 
tant current source. Low temperature experiments are carried out using a sample 
type cryostat (Bandyopadhyay et al 1980). Three runs are taken for each type of 
)le and results are found reproducible within experimental error. 

Results and discussion 

re 1 exhibits the log resistivity as a function of applied pressure in four Bi doped 
iIm (x = 0,2,4,10) at room temperature. The resistivity of x = 0 sample shows a 
t increase with pressure upto about 10 k bar and then saturates followed by a 


in 

in 

Of 

D) 
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Fi««r. 1. Variation of resiativity of (GeSc,.,h„o.,Bi. with pressure at room tempemture. 
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continuous decrease upto about lar. At still'higher pressure there is little 1 
fall in the resistivity value. Additio;. oi Bi dopaht significantly alters the picturi 
distinct regions of Bi concentration are exhibited; (1) x = 2, and (ii) x > 4. Additi 
at % Bi in GeSe 3 . 5 , completely wipes out the low pressure ( < 20 k bar) structur( 
resistivity, but higher concentrations of Bi(x >4) does not appreciably afife 
shaUow small maxima at 10 k bar pressure. The continuous transition in GeS 
drastically influenced by Bi. Instead of a distinct continuous transition, a much b; 
variation in the resistivity-pressure plot is observed in the doped samples. There i 
in the resistivity of GeSea.s by a factor of 10^^ upto a pressure of about 90 
whereas in x = 10 sample, the fall in resistivity is only by a factor of 10^. It h 
interesting to note that addition of 2 at % Bi does not influence the continuous trai 
observed in GeSe 3 . 5 . Study of temperature dependence of resistivity at di 
pressures has also been made and corresponding values of the activation energy I 
been determined using the relation. 

Figure 2 compares the variation of A £ with pressure in different samples. Again 
sample shows quite different behaviour of A £ with pressure as compared to x = 
samples. In the x = 2 sample, a linear decrease in A £ is observed which extrapoL 
zero value at about 97 k bar. This composition shows semiconductor behaviou 
about 80 k bar. 

These compositional dependent features in the transport properties of Bi 
glasses, are,discussed in the light of impurity induced structural changes in th 
network of GeSe 3 . 5 . The incorporation of 2*5 at % Bi into Ge 2 oSe 8 o glass results 
reduction of the optical energy gap £^°p* by as much as 0-65 eV (Tohge et al 
Further addition of Bi, however, causes very small change in The correspc 
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Figure 2. Pressure dependence of activation energy of (OeSe 3 . 5 )ioo-iBU> 
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in A £ is quite different. We believe that it is the incorporation behaviour of Bi 
j host lattice which is responsible for the observed features. We think that the 
f Bi can be classified into two categories depending upon its concentration; (a) 
concentration of about 2 at. % the Bi atoms possibly enter into the host network 
1 way that Bi-Se bonds are formed, which leads to the creation of charged defect 
(Bhatia et al 1984); (b) with Bi concentration greater than 2 at % the entry 
irts producing network modification by making clusters involving all the three 
[je, Se, Bi. This modification is reflected in pressure effects in the samples with 
concentration as shown in figure 1. dta of the doped samples supports the 
5 of units containing all the three atoms which decompose and crystallize on 
(Bhatia et al 1984). Some information on the existence of such clusters is 
i by the Phillips medium range order (Phillips 1981) in Ge,Sei_ 3 £ glass, 
ng to it, chalcogenide glass can be described by small chemically ordered 
embedded in a continuous network. In Se rich alloys, (Se)„ chains and 
j )4 comer sharing tetrahedra are the likely units in the system. At lower 
rations Bi may enter the (Se)„ chains, and at higher Bi concentrations, dopant 
an enter the tetrahedral units. 

ressure induced features of the electrical conductivity presented in figure 1 
le distinction between samples with low and high Bi concentrations. Further 
mts with doped amorphous chalcogenide semiconductors are in progress, 
unary, we have observed the pressure induced effects in Bi doped amorphous 
nide semiconductors (GeSe 3 . 5 )ioo-xBix by measuring the electrical resistivity 
)Ositions, x = 0, 2, 4 and 10, down to liquid nitrogen temperature. The 
ation behaviour of the added Bi impurity is exhibited by the experimental 
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Abstract. Doping with alkaline earth impurities converts the ftlkali halides into very ef 
phosphors. LiF doped with Mg is extensively used in radiation dosimetry. Howevc 
phenomenon of thennoluminesceoce in these materials is far from clear. LiF-TLD 
artificially separated from the rest of the alkali halide phosphors. The available experii 
data are not fuUy utilised in building a model for thermoluminescence processes. In this r 
thermoluminescence properties of LiF-TLD 100 and other alkali halide phosphoi 
discussed. The comparative study which points out several common points could be us< 
understanding the tl processes in these phosphors. 

Keywords. Thermoluminescence; lattice defects; alkah halides; alkaline impurities. 


1. Introduction 

Alkaline earth impurities are known to increase the initial stage colouration of a 
halides (Crawford 1968). As a result of this enhanced sensitivity the alkaline i 
doped alkali halide phosphors have received the attention of a number of workers, 
chief interest in studying these materials arose from their possible use in dosimet 
the ionizing radiations (Daniel et al 1953). The thermoluminescence (tl) of LiF d( 
with Mg and Ti(LiF-TLD 100) is now extensively used in radiation dosimetry 
personnel monitoring (Vora 1979). The basic mechanism of tl however, still ren 
obsciue despite numerous studies (Stoebe and Watanabe 1975; Zimmerman 1 
Nambi 1977,1979; Jain and Ganguly 1977; Kathuria et al 1979; Lakshmanan et al 1 
1982a, b; Horowitz 1981; Pradhan 1981; Jain 1982). LiF-TLD 100, being an ap| 
material, has been artificially separated from the rest of the phosphors. Earlier sti 
on LiF did not consider the tl of alkaline earth impurities. On the other b 
researchers working on basic materials may not be familiar with (i) results on LiF \ 
to establish a general model for tl processes or (ii) with the methods 
instrumentation used to serve as guidelines for obtaining reproducible glow curves, 
present review highlights studies on thermoluminescence of alkali halides doped 
alkaline earth impurities. 

We begin with the salient experimental results necessary for building a model fc 
processes and then discuss the details. Results on LiF-ixo 100 do not include ap| 
aspects as these have been discussed in detail by others (Cameron et al 1968; Horo 
1981; Pradhan 1981; Lakshmanan et al 1981; Jain 1982) and the discussion is limite 
the processes at and above room temperature. 
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ects and optical absorption 

1 between tl and optical absorption measurements is helpful in 
rapping and luminescent centres. Hence typical results on absorption of 
oped crystals are discussed in this section. 

adiated crystals, the main defects are dipoles, their aggregates and 
combination of these defects. How are these defects modified after 
7 can capture holes or electrons, or associate themselves with various 
the latter species are detected in optical absorption and their 
lie fairly well established. The former species produce complicated 
::tra which are not clearly understood (Crittenden et al 1974a,b; 
)abois 1968). In earlier studies on LiF-TLD 100, the glow peaks and 
ion bands relating to impurity were attributed to dipoles and their 
LIT et al 1973; Dryden and Schutter 1973; Jackson and Harris 1970; 
neron 1966), but difficulties in conceiving these neutral species as 
5 were also recognised (Stoebe and Watanabe 1975). It was suggested 
■ely perturb the electron centres. This is becoming increasingly evident 
'e discuss the optical absorption of these centres, 
la impurities introduce no characteristic absorption in alkali halides 
and Choudhary 1972a; Jain and Luty 1972; 1973). Mg, on the other 
» a characteristic, but ill-defined absorption band around 272 nm 
and Choudhary 1972a; Balsubramanyam 1979). This absorption is not 
’:Mg, Ti (Crittenden et al 1974a, b). When the crystals are exposed to 
>ns, the Ca, Sr and Ba impurities do not directly participate in trapping 
Ladhakrishna and Choudhary 1972a). When coloured crystals doped 
Lirities are bleached with F light at room temperature a Zi band is 
e long wavelength side. If the bleaching is carried out at elevated 
100°Q or if the crystals containing Z i centres are warmed to 100° C, 
s. When the bleaching is carried out at liquid nitrogen temperature (lnt) 
ear is the Z 3 band which is on the short wavelength side of F band; 
ching produces a Z 4 band close to the M band. A slightly different 
deal interconversion of F and various Z centres is illustrated in figure 1 
1973). 



« 1 . F-^Z conversion in alkali halides (a) After Umbach et al (1973), (b) After 
lakrishna and Cboudhari (1972a). 
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The configuration generally accepted (Baldini et al 1961; Capellati et al 19 
Kleefstrau 1963; Hartel and Luty 1964; Dick 1968; Danun and Nieizewski 1975; N 
and Kos 1976; Parfianovich et al 1978,1980; Strohm and Paus 1979; Cooke 198(^ I 
1980, Adetunji and Ong 1981) of various Z centres are as follows: 


Zo Me^+P 
Zi Me^+PF 
Z2 Me^+F 

Z3 Me^+F 
Z4 Me^+Fj 


divalent impurity ion with anion vacancy, 

F centre near impurity-vacancy dipole (ivd), 

divalent impurity ion associated with anion vacancy 
which has captured two electrons, 

F centre near divalent impurity ion, 

F 2 (M) centre near ivd. 


The Zo centre has not been identified with any optical absorption bands, but Ni 
and Kos (1976) proposed that the 9-05 eV band in LiF-TLD 100 observed by Mayhu 
and coworkers (Mayhugh et al 1970, Christy and Mayhugh 1970) is due to such defeci 

The impurities Ca, Sr and Ba, which possess low second ionization potential relati 
to electron affinity of the halogen ion, form Z centres. The remaining element Mg I 
high second ionization potential (15-35 eV) and acts as an efficient electron trap inste 
of forming Z centres. This observation has been explained by Lopez and Lopez (198 
who calculated various charge impurity states relative to the conduction band. If the 
states lie in the conduction band, then they cannot be occupied. The same is true wi 
Ca, Sr and Ba, Mg, Cd, etc., on the other hand, act as electron traps, but not as hole tra] 
It will be interesting to extend the calculations made for KCl to LiF. In tld-100, t 
absorption bands related to the Mg impurity occur at 225, 310 and 380 nm. Sevei 
authors (Nink and Kos 1976; Cooke 1980; Rao 1980; Parfianovich et al 1980; Chand 
et al 1982a) attributed these bands to Z centres of Mg. Serious objections faa^ 
however, been raised against this interpretation (Moharil 1980). Apart from these \ 
related bands, a rather complicated absorption curve is obtained when LiF is subject 
various thermal treatments (Toumon and Dabois 1968; Crittenden et al 1974a, b). 
contrast to the Z centre absorption, these results are not well understood. 

Besides introducing a family of Z centres, the alkaline earth impurities also pertu 
the absorption of V type centres (Ishii and Rolfe 1966; Berg et al 1969; Itoh and Ike; 
1970; Hoshi et al 1975; Sanchez et al 1976; Rascon and Alvarez-Rivas 1978; Alvare 
Rivas 198(k Ketolainen and Vaittinen 1981; Agullo-Lopez et al 1982). The perturlx 
centres have been termed as V" centres. The position of the K " band is almost the san 
for Ca, Sr or Ba (Ishii and Rolfe 1966). Several models have been proposed for the F 
centre. Voszka et al (1968) proposed a two Cl“ interstitial centre trapped in tv 
neighbouring dipoles. Marat-Mendes and Commins (1975,1976,1977b) suggest 
single dipole instead of two. Elango ?md Nurkhmetov (1976) attributed the V 
absorption to a Cl^ “ molecular ion trapped in a dipole. There is slight confusion abo 
nomenclature. Lopez et al (1979) state that the V" band is the same as the D 3 ban 
Actually, theDs bMd is stable only at lower temperatures. The band obtained from tl 
D 3 band by warming to room temperature (rt) has been originally termed as the L 
band (Ishii and Rolfe 1966). The notation D 3 has been in use for rt absorption : 
subsequent studies. 

The perturbation of F* centres has also been considered by Voszka et al (1968), ar 
that of H centres by Hoshi et al (1975), but these centres are not stable at rt. The effe 
of divalent impurities on V centres has not been studied systematically for LIF-tld 10 
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ayhugh et al (1970) observed a band at 113 nm and termed it the band which is 
aracterisdc of the pure crystal. In Mg doped crystals, an additional band appears at 
7 nm. This may be termed the F" band, though Nink and Kos (1976) prefer to call it 
B Zq band. 

Thus, the interstitial or hole centres perturbed by alkaline earth impurities have not 
en studied as widely as their electron counterparts. In the tl process also, these 
itres have rarely been considered. The results of the following sections show that the 
aracterisation of these centres and their role in tl processes should be investigated in 
^ter detail to achieve a complete correlation between lattice defects and tl. 


Glow curves 

understand the role of impurities, the glow curves of the doped materials have to be 
npared with those of the pure ones. However, the tl glow curves reported by 
ferent workers may not agree. It is important to review the different results, the 
ntroversies and the general nature of the glow curve for the given crystal. Despite the 
ferences, the results can often be grouped into a few categories. The glow curve 
tained can be fitted to one or the other of these categories. These results are reviewed 
what follows. 


LiF-TLD 100 

re LiF as such has poor tl response (Rao 1974,1976; Bradburry and Lilley 1976). 
Idition of Mg and Ti converts it into a highly sensitive phosphor adequate for use in 
simetry. A typical glow curve of UF-tld 100 (figure 2) consists of five peaks which 



Figure 2. A typical glow curve of LiF-TLD 100. 
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have been numbered in increasing order of temperature as I-V. The glow c 
corresponds to the sample annealed at 400°C for 1 hr. Different thermal treatm 
change the relative heights of various peaks (Sunta et al 1971; Stoebe and Watai 
1975; Chandra et al 1982b). The peak around 200“ C is used in dosimetry. At d 
exceeding lO^R, the response of this peak declines and other peaks api>ear at hi 
temperatures. These have been numl^red as VI-XII (Kathuria et al 1974) (VI-! 
Sunta etal 1971, causes some confusion in numbering). Glow peaks below rt prodi 
by low temperature irradiation (Podgorask et al 1971; Cooke 1978; Cooke and Rh< 
1981) have been numbered as -1, - II, etc. The following characteristics of tl of! 
TI.D 100 arc important. 

The response of the dosimetry peak is linear upto 10^ R, and becomes supralinear 
higher range (10^-10^ R) (Claffy et al 1968; Jain et al 1974; Lakshmanan and B 
1981; Lakshmanan et al 1982a). Responses of various peaks also become supralinet 
various doses. Usually the higher the glow peak temperature, the lower the dos 
which it exhibits supralinearity. When the irradiated LIF'Tld 100 is heated past pet 
and cooled to rt, the sensitivity of this sample to subsequent exposure is increased.' 
is known as radiation>induced sensitization. Appreciable sensitization appears for 
irradiation doses in excess of lO^R. It is maximum for pre-dose lO^R, and i 
deteriorates for higher pre-doses (Suntherlingam and Cameron 1969), being neglij 
for doses exceeding lO^R. Sensitized samples exhibit little supralinearity. 

After reading the glow curve upto peak V, if the crystal is cooled to rt and expose 
uv light, the peaks I-V (with the exception of peak IV) arc re-generated. This is kn' 
as photo-transfcr-thcrmolumincsccnce (pttl), and is used in uv dosimetry 
reestimation of dose (Buckmann and Payne 1976; Mason and McKinlay 1 
Lakshmanan 1979; Jain 1981 a). The absence of peak IV in the pm, glow curve is ra 
peculiar. The peak does not appear in the sensitized sample also (Moharil and Kath 
1982a), or when the irradiation is carried out using high let radiations such as a 
(Jain 1981b). High let radiations are known to favour the higher temperature pi 
(Budd et al 1979; Chandra et al 1982b; Lakshmanan et al 1982b). Supralinearity is 
observed in tl excited by high let radiations (Jain 1981b). 

' Many attempts were made to correlate tl with optical absorption measuremi 
Peaks IV and V have been correlated with the 310 nm band; peak IV with a i 
bleaching component and V with the fast bleaching component (Mayhugh 1 
Mayhugh et al 1970). The 310nm band itself has been considered to be constitute 
two different centres (Sen and Merklin 1978). Peaks II and III correlate with the 38( 
band, Jain and Kathuria (1978) have correlated peak XII with the 225 nm band. In I 
work, a correlation between 285 C peak and 225 nm band was attempted (Gartia 1 
Kos and Nink 1979), but Bapat and Kathuria (1981) and Jain (1981c) have shown 
the 225 nm band is not totally annealed out during 285 C peak, it vanishes only « 
400 C; and hence the earlier assignment is correct. In recent years, the 285 C peak 
been correlated with the 310 nm band (Lakshmanan et al 1982a, 1983; Chandra 
1982a). 

3.2 LiCl 

Sharon etal {1 980a, b, 1981) have reported the tl of pure and Ca or Sr doped LiCl. 
LiCl shows glow peaks at 105 and 190C, the former being prominent. In Ca ar 
doped samples, the 105 C peak is shifted to slightly lower temperatures and other p 
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at lower temperatures (85, 67 Ca, 75 Sr) which grow with the impurity 
ration. The peaks have been tentatively attributed to I*-V dipoles. The authors 
»t looked for 2 centres of the impurities. 


iF 

ailable on NaF are meagre. Bonanomi (1952) reported two glow peaks in NaF 
nd 177 C. Sharma (1958) reported glow peaks at 43,97,190,267 and 400 C for 
loured by cathode rays and observed a change in colour occurring during the 
lich is possibly associated with thermal aggregation of F centres, and at still 
temperatures, with the dissociation of these centres. Subsequent workers 
il and Deshmukh 1976; Mariani and Alvarez-Rivas 1978; Gupta and Rao 1980) 
served some correlation between tl and F aggregate centres. Moharil and 
ikh (1976) observed two glow peaks at 130 and 275-300 C; additional shoulders 
Qg in the samples containing R and N centres. Gupta and Rao (1980) observed 
: 90,145 and 210 C; the first one correlated with M centres. Compared to these 
no correlation is observed between F aggregate centres and tl (Bhan 1982a). 
pattern of pure NaF was found to depend critically on the dose. At high doses 
wo peaks were observed at 140 and 254 C. For intermediate doses, as many as 
^ peaks could be observed, the positions depending upon the dose. At low doses 
there is a single glow peak at 306 K (Bhan 1982 b). This is exactly the opposite of 
Its of Mariani and Alvarez-Rivas (1978) who observed that with increasing 
ow peaks are observed at higher temperatures. 

low curve of Ca doped NaF contained as many as six glow peaks at 75,114,128, 
) and 290 C. 114C peak was correlated with Zj centres of Ca (Bhan 1982c). 
ally, the behaviour of the Zi centres of Ca in NaF was similar to that observed 
alkali halides (Bhan 1982d); and not like the so-called Z centres of Mg in LiF 
3wing that the peculiar behaviour of Mg in LiF is not the property of the 
lattice. 

ence, the tl in NaF is not suflSciently studied to warrant any definite conclusion. 


iCl 

curves of pure NaCl, three characteristic peaks are observed (Aramu et al 1966). 
peak is observed around 358 k. The positions of the other peaks depend upon 
3 (Hill and Schewed 1955). Three p^s are observed in samples doped with 
earth impurities also (Gartia 1976; Gartia and Acharya 1978; Reddy and 
)u 1983). A definite correlation could be established between a glow peak and Zi 
following the usual correlation experiments (See figure 3 for KCl: Ca). A similar 
ion was recently reported in NaCl doped with rare earth impurities (Reddy and 
)u 1982; Reddy et al 1983a, b, c). Moharil et al (1979a) showed that the tl 
of the doped samples also show dose dependence, and the position of the peak 
able to Zi centres profoundly depend on the dose. Gartia et al (1982) found that 
ition also affects glow peak positions. Joshi et al (1980a) suggested that Ca 
4aCI could be used in radiation dosimetry. 

and co-workers (Joshi and Kekan 1973,1974a, b,c, 1980; Joshi and Shah 1969; 
al 1980a, b) studied the tl of Sr doped NaCl subject to various pre-heat 
Its. Their results are summarised in table 1. It is seen that the tl pattern is 



TL intensity (orb-units) 


Thermoluminescence of alkali halides 




Figure 3. Correlation between Zj centres and glow pe^ (a) optical absorptio 
(b) glow curves. The peak at 110 C grows at the cost of the 185 C peak with F band bh 
the corresponding optical absorption curve Zi band grows at the cost of F band. 
HOC peak is thermally cleaned out, Zi band also vanishes. Bleaching again introdu 
band and the 110 C peak. The results shown are for KQ: Ca. Similar results are ot 
other alkali halides doped with Ca, Sr or Ba. 





Table 1. Thennoluminescence of NaCI: Sr 
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variant; depending upon thermal treatments, various glow peaks are obtaine 
results are very confusing; the same glow peak (judging from its position- 41 
sometimes ascribed to dipoles, or complexes in dislocation regions, or Z 2 cent 
earlier work (Joshi and Kekan 1974a), they claim to have resolved absorption 
corresponding to F, Zi and Z 2 centres. Such a resolution is remarkable wh 
absorption curve is recorded at rt. 

In Mg-doped NaCl, Watterich and Voszka (1973a) observed five glow peaks 
IIS, 170, 240 and 275 C. The optical bleaching correlates these peaks with absc 
bands at 300,320,460,330 and 312 nm, respectively. None of these bands corres 
to Z centres. They have been related to the centres associated with the electron c 
by impurity (the 460 nm band is, of course, the F band). Pokomy et al (1981) and 
and Pokomy (1978) observed as many as ten glow peaks in NaCl:Mg Sevei 
related bands were observed at 233, 301, 320, 350,410 and 514nm. Only the la 
judging from their positions, can be candidates for Z centres. Failure to notice Z < 
of Mg in NaCl has also been reported by Schoemaker (1973), Egrano 
Nepomnyashchikh (1982X Watterich and Raksanyi (1982) and Watterich and ^ 
(1983). 

Alkaline earth impurities produced characteristic changes in the glow curve: 
irradiation was carried out at low temperatures also. These impurities wei 
responsible for the new glow peaks (Lopez et al 1980) and shifting of the si 
trapped exciton) emission from 360 to 410 nm. 

In short, one expects three or more glow peaks in the doped NaCL The posit 
the glow peaks depend very much on the dose. The glow peak characteristic 
impurity for a particular dose may occur at a position of the peak characteristic < 
NaCl at another dose. It is thus dangerous to judge impurity related peaks froi 
position alone. 

3.5 KCl 

The results of Jain and Mehendru (1965) on specpure KCl can be made the s 
point for discussing tl in this material. They observed a glow peak at 135 C 1 
doses with a shoulder at 195 C. With increasing dose during second stage colorat 
190C shoulder developed into a prominent glow peak and at higher doses th( 
shoulder 135 C peak was hidden by the rising portion of the 185 C peak. The pea 
been attributed to F centres in different local environments. Deformation pro( 
peak at higher temperatures. Manam et al (1983a) also observed changes in 
samples after deformation. 

Mehendru et al (1970) observed three peaks in Ca-doped KCl as well. The dos 
over which 135 and 190 C peaks can be observed is shifted to lower doses by Ca < 
The 85 C peak is observed over 2 mR-30 R, 135 C peak over 30-1200 R and 190 
over 30 R-300 kR. The area under tl curve was proportional to dose between 5 1 
60 kR, a characteristic desirable for dosimetry, but there is large fading for low d 
the emission is only under the 85 C peak. 

Results of later investigations are different. Only the second stage peak is obsi 
slightly lower temperature depending upon the state of aggregation of in 
Another peak develops aroimd HOC with F band bleaching (Berg and May( 
Radhakrishna and Choudhary 1972b; Rao and Haribabu 1979; Moharil et a, 
Reddy et al 1980; Moharil 1981a; Kamavisdar and Deshmukh 1981). On the 
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don with changes in optical absorption (figure 3), this has been attributed to Zi 
. Sometimes, another peak around 80 C has been observed, which has been 
led to impurity (Jain and Mehendru 1965; Rao and Haribabu 1979; Reddy et al 
>ut not to Zi centres. The first stage peak at 135 C observed in pure KCl was not 
ible in doped crystals, down to doses of 135 R. In some studies, on the other 
he first stage peak at 135C was reported at doses higher than this. The 
onding Zi centre peak is also at lower temperatures (80-90 Q (Katz et al 1972; 
nd Takeuchi 1978; Sinha et al 1979). The diyerse results, most probably, arise 
the fact that the coloration stage II begins at different doses depending upon 
y concentration, dose rates, etc. Possibly, let dependence also plays some role, 

: most of the second category results (135 CF peak, 90C Zi peak) have been 
d with x-rays. The results are summarised in table 2. Some results on other 
ies (Inabe et al 1974; Inabe and Takeuchi 1978; Mukherjee 1978; Gartia et al 
ridaran et al 1981; Kuila and Ratnam 1981, 1982) are also included for 
ison. For other impurities also one obtains the 185C peak and the HOC 
y peak, or in some cases the 135 C peak and the 80 C impurity peak. 

:se results have been reported for Mg-doped KCl. Kamavisdar and Deshmukh 
eport that the tl of this material is similar to that of KCl: Ca and attribute a 
ak at 135‘'C to Zi centres. Earlier workers (Sootha and Singh 1969; Watterich 
szka 1973b; Watterich and Raksanyi 1977), on the other hand, found that Mg 
>t form Z centres, but centres related to electron capture by Mg are formed 
The TL pattern of Kamavisdar and Deshmukh, indeed, is similar to the 
•ur of Mg centres. Thus, a large 135 C peak is present in as-irradiated crystals, 
her bleaching produces little increase in this peak. Mukherjee and Sinha (1981) 
i Z centres even in Cd doped KCl-KBr. However, it is not clear why Z centres 
ot be observed in these materials earlier. It appears that similarity between tl of 
ipurities and that of Z centre producing impurities has caused the confusion, 
itly, correlation experiments have been extended to Z 2 (Sridaran etal 19il) and 
nzmetal 1983b)centresas well. In KCl irradiated and bleached at 100C,aglow 
135 C could be correlated with Z 2 centres. Moharil (1981a) and Moharil et al 
observed a peak at this position in KCl: Ca crystals irradiated at rt which were 
perly annealed. The bleaching product in their crystal was, however, a Z 1 centre 
t a Z 2 . These results taken together with those of Sridaran et al are a bit 
ng, because all the other results described follow a regular pattern and 
ion between HOC peak and Zi centres seems to be fairly well established, 
on Z 2 centres and Zj centres in as-grown crystals of Moharil et al make one 
whether the correlation is genuine or a coincidence, 
al workers (Rao and Das 1976; Inabe and Takeuchi 1977; Rascon and Alvarez- 
978; de Castro and Alvarez-Rivas 1982) have not ascribed the impurity related 
KCl to Z centres. These workers attribute tl to the release of halogen atoms 
terstitial positions and their subsequent recombinations with electron centres, 
loped crystals different types of interstitial traps are formed and, hence, new 
^s are observed. 

bCl 

crishna and Narayana (1973) observed glow peaks at 75 and 110 C in pure RbCl. 
er, Sastry and Sapru (1981) observed as many as four glow peaks at 132,172,212 
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♦7 C. In another paper, Sastri and Sapm (1980) report glow peaks at 127,139 and 
in Ca-doped crystals. Another peak at 73 C which could be correlated with Zj 
s ptnftfgftH after F band bleaching. In contrast to this, Katz et al (1974) observed 
le impurity related peak which emerges after F bleaching is observed on the high 
irature side of the peaks existing prior to bleaching. Balsubramanyam (1979) 
/ed glow peaks at 60, 90 and 160 C in Mg-doped RbCl. The 90 C peak was 
jted to Mg"^, and the re maining two to F centres. No Z centres of Mg were 
/ed. 

CBr 

idru and Radhakrishna (1969) observed glow peaks at 90 and 160 C in pure KBr, 
'ped during the first and second stage coloration respectively. However, Murti 
1971) observed four glow peaks at 85,104,110 and 186 C. On the other hand, 
eth (1972) observed a single glow peak at 152 C. Crystals which were not properly 
led showed a small peak at 185 C. The 152 C peak has been assigned to F centres 
:5 C peak to some localized defect other than F centre. Levingson et al (1973) who 
3 ned this assignment observed glow peaks at 92,152 and 181C, and attributed 
ill to F centres. Ratnamand Gartia (1975) also observed glow peaks around these 
>ns. Ang and Mukura (1977) also obtained only one glow peak, the position of 
varied from 132-222 C when the coloration temperature was changed from 80 to 
In KBr: Ca, Gartia et al (1978) observed only 90 C peak in as-irradiated crystals, 
ler high temperature peaks were not observed. F band bleaching produced a peak 
2 which could be correlated with Zi centres. Similar results were observed in 
CBr doped with Ca (Sinha et al 1979). The prominent peak was observed at 130 C, 
e peak which could be correlated with Zi centres appeared at 90 C. Veereshan 
1982), however, observed glow peaks at 65 and 145 C in these crystals. The Zi 
ippeared at 80 C. 

s, the results on pure KBr itself are ill-characterised. It would be useful to 
iten out the controversy raised by the results of Hageseth (1972) and Levingson 
973). The results on the doped KBr^, appear much more consistent, and follow the 
1 pattern. 


IbBr 

vfg-doped RbBr has been recently reported by Sastry and Sapru (1981). Using 
ition experiments, a ^ow peak at 120 C could be ascribed to Z i centres. However, 
centres are not formed in other alkali halides doped with Mg was not explained. 


rapping centres 

ifferent results have led to Several views regarding trapping centres, recombi- 
i sites and tl processes which will now be reviewed. The results on LiF-ruj 100 
sre easily reproducible and established. On the other hand, several experiments 
med for other alkali halides have not been repeated for LLF-tld 100. The 
heses for tld-IOO and other alkali halides are discussed separately. 
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4.1 LiF-TLD 100 

In earlier studies (Christy et al 1967; Clafiy 1967a; Klick et al 1967; Vieria et al 1982 
suggestions were made that the impurities form hole-trapping complexes. When th 
phosphor is heated, holes are released and their subsequent recombinations wit 
electron centres lead to tl emission. Subsequently, it has become clear that peaks IV,' 
and n, m are correlated with impurity absorption at 310 and 380 nm respectiveh 
Through optical bleaching studies, these absorption bands could be geneiically relate 
to the F band (Nink and Kos 1976; Mayhugh et al 1970; Caldas et al 1983) suggestin 
that the impurity centres are excess electron centres. However, the nature of electro 
centres is not yet clear. Whether Mg directly captures electrons or whether just perturb 
the electron centres, characteristic of the host lattice, is to be decided. Several paper 
(Mort 1965; Nink and Kos 1976; Parfianovich et al 1976; Kos and Nink 1977a, b,c,( 
1979, 80; Mehta et al 1977; Kos and Mieke 1978; Kos and Takeuchi 1980; Kc 
et al 1980; Rao 198(^ Jain 1981c; Lakshmanan et al 1983) support the latter view. Th 
idea of Z centres of Mg started with the suggestion (Mort 1965; Mort and Zimmerma 
1966) that the empirical Mollow-Ivey relation for Zj centres in alkali halides predict 
the Z 3 band in LiF:Mg at 225 nj. Nink and Kos (1976) who observed thermr 
conversion between 310 and 225 cm bands similar to Z 2 -Z 3 conversion, proposed thr 
the 310 nm band corresponds to Z 2 centres. Mehta et al (1977) proposed that th 
380 nm band is due to Z 2 centre — Z 2 centre which has captured one more electroi 
The Z centre model received further support from calculations of Parfianovich et < 
(1976) who calculated Z bands in liF: Mg as Z 3 (5-5 eV), Z 2 (4‘5 eV) and Zj (4-66 e\ 
Attempts were made to explain vwous properties of LiF-TLD 100 (supralinearit 
sensitization, pttl etc.) on the basis of Z centre models. 

Objections against these models were raised (Horowitz 1982; Battaglia et al 198 
Jain 1983). Moharil (1980) argued that the behaviour of Mg centres in LiF-tld 100 
different from that shown in figure 1 . The bands at 225,310 and 380 nm are present; 
as-irradiated crystals even when the irradiation dose is a few rads. Thus, if Mg forms 
centres in LiF, then Z 2 , Z 2 and Z 3 centres are present in the as-irradiated crystals. U 
Z 3 band grows at the cost of F band when the crystal is heated to 250 C (figure 4). Tl 
ease with which these Z centres are formed is simply anomalous. Even granting this, it 
very strange that Zt centres, easily formed in other alkali halides, are produced on 
after 10 hours of F bleaching (Kos and Nink 1977a), and their formation does not le: 
to any new glow peak. This is in sharp contrast to figure 3. The bleaching properties 
other Z centres are more peculiar (figure 5). Therefore, one could expect an efficie 
F -*Z 2 ,F -* Zs, etc., conversions. However, the bleaching behaviour is more like K 
centres in KCl: Mg (Watterich and Voszka 1973; Watterich and Raksanyi 1977) th: 
the Z centres. 

Indeed, a lot of evidence has recently been obtained to support this vie 
Nepomnyashchikh and Radyabov (1980a) attacked the very starting point of the Z cen( 
models viz that an empirical relation predicts the Z 3 centre of Mg in LiF at 225 n: 
They argued that more careful slopes fbom the data on the other alkali halides pred 
the Z 3 band in LiF: Mg, if it exists, at 170 and not at 225 nm. Nepomnyashchikh a 
Radyabov (1980b) Radyabov and Neponmyasbchikh (1981a, b) further argue that t 
basic property of the Z 3 centres is their conversion to Z 3 centres when bleached at lov 
temperatures. They found no 310 — 225 nm band conversion when bleached at 120,1 
and 257 K. The bands at 243 and 360 nm were produced instead for 120 K bleachii 
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Fignre 4. Typical optica] absorption spectra of LiF-TLD 100:-as-irradiated;—, after 

annealing at 300 C. 



Figure 5. Behaviour of Mg related bands under F bleaching (af^er Kos and Nink 1977). 


iie cx)loration was carried out at 100 K, there was no F band suggesting that Mg 
xl all electrons. From esr and dichroic absorption spectra, they found that bands 
and 380nm are <110) polarised. Based on this evidence the following 
nations were suggested. 
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380nm (3-5eV) band Mg'^ V~ Mg"^ with associated vaca 

310nm (4-OeV) band Mg"^ Vi V\ Mg'*" with vacancy pair 

225 nin (5-5 eV) band Mg° Mg atoms at anion site w 

associated cation vacancy 

The Zi band was found for low temperature bleaching. 

The above configurations were also confirmed through semi>empirical calcul 
Thus, the absorption of free Mg ion - *Pi) shifts by an amount dE = cons 
where d is the lattice constant. The constant is odculated from Mg centres in K< 
predicted values of Mg'*" K^'and Mg"*" Kv e are 3-49 and 4-04 eV respective!) 

Watterich et al (1980) carried out esr measurements on 225 nm band in LiF: \ 
ESR of F and Z 3 centres is expected to be similar; indeed the same g value (1-9S 
obtained for F and Za centres in KCl. In LiF: Mg, the g value is 2-006 for the I 
and 2-029 for the 225 nm band suggesting that the latter is not a Z 3 band, esr of 
Ba doped LiF was also studied by Watterich (1981). The signal could be attribi 
Ca'*' etc. No Z centres were formed. 

In short, recent evidence shows that Mg forms electron centres which are rel; 
change in ionization state of impurity. 

Recently, Sagastibelza and Alvarez-Rivas (1981) proposed that both the im[ 
Mg and Ti form traps for interstitials (the model is (bussed in detail in a later s( 
Townsend etal(l 983) objected saying that Ti is not involved in trapping centre! 
glow peaks in LiF; Ti have different properties than those in LiF; Mg, Ti. Lilley i 
workers (Strutt and Lilley 1981; Taylor and Lilley 1982) also found that differei 
peaks in LLF-tld 100 do not respond in the same way to various thermal treat 
Hence, the argument of Alvarez-Rivas that the different glow peaks arise 
different number of interstitials trapped near Mg^'*' is not tenable. They propc 
an interstitial is trapped near a complex of Ti with vacancy and hydroxyl ion or < 
impurity (peak II trap). Large aggregates of Mg and Ti complexes Ti(Mg* V~ 
interstitials and lead to peak V. This model can explain increased response of ] 
over peak V upon thermal annealing, and also when high heating rates are u; 
read-out With aging the Mg^*^ -vacancy pairs are more likely to go to join the 
phase rather than joining Ti to form Ti(Mg^''’ V~ )i,. More Ti ions are then avail 
form peak II traps resulting in increased response of peak II over peak V. High 1 
rates prevent formation of complexes Ti(Mg^‘^ K“)„ i.e. peak V traps. 

In conclusion, it is seen that the modified version of the interstitial trap 
explains changes in glow curves which accompany the various thermal treatmen 
electron trap models, on the other hand, appear to be soundly established on th 
of the correlation experiments. Taylor and LiUey (1982) reject the ‘crude corr< 
and claim that the optical absorption bands of impurity clusters are hidden unc 
and 380 nm bands. The Mg related bands indeed are known to have more th 
component (Sen and Merklin 1978). 

Following this discussion, an important lacuna becomes evident The corr 
experiments have not been tried for electron deficient centres. In case of Lil 
bands would lie in the vacuum uv region (Kato et al 1960; Mayhugh 1970; M< 
and Christy 1970). Not many measurements are available in this range. Such stud 
be required to settle the points of correlation, crude or genuine, between colour 
and thermoluminescence. 
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ther alkali halides 

t of the alkaline earth-doped alkali halides, it has been suggested that F centres 
entres act as electron traps (Gartia 1976; Garda and Acharya 1978; Moharil et al 
lao and Haribabu 1979; Reddy et al 1980; Kamavisdar and Deshmukh 1980, 
rhe main basis for this interpretadon is the fact that after F band bleaching, the 
d grows at the cost of the former. In the glow curves also, a well-resolved glow 
ows at the cost of the principal glow peak. This has been attributed to the release 
rons from Z\ centres. It would be interesting to test whether this correlation is 
>r genuine. 

t from these definite assignments, there have been rather vague references to 
and dipole clusters, impurity-vacancy complexes, etc., aedng as trapping sites 
:trons or holes (Joshi and Kekan 1974a, b, c, 1980; Joshi et al 1980). Such 
lents result from the complex glow curves observed following different 
ing and annealing treatments. Opdeal bleaching studies on such samples are 
, and thus it is difficult to correlate tl with colour centres. Moreover the 
xities of the glow curves are not reflected in the optical absorpdon spectra 
>s overlapping forbids the detecdon). 

s been often believed that the trapping centres are hole centres, the electron 
serving as recombination sites. Especially in Mg-doped alkali halides. Mg is gairl 
icipate in recombination processes. The thermally released holes recombine with 
j convert it to Mg^ ■^. A photon is emitted during this process. The occurence of 
nal bands in emission spectra has led to this view. The model of Alvarez-Rivas 
•workers (Rascon and Alvarez-Rivas 1978,1981; Alvarez-Rivas 1980) is totally 
It, in that the trapped entities are neither electrons nor holes, but interstitial 
a atoms. This will be discussed in detail in §7.3. 

iminescence centres 

iF~TLD 100 

irman and Jones (1967) suggested that the impurity Ti participates in recombi- 
processes. The experimental evidence comes from the similarity of the tl 
>n spectra and the luminescence spectra of Ti bands, and the dependence of 
nty on Ti concentration. The absorption bands associated with traps are related 
and hence the increased sensitivity by Ti addition, which does not increase traps 
ter et al 1970, 1971,1972; Crittenden et al 1974a, b), must be due to increased 
scence centres. Christy et al (1967) proposed that tl is due to release of boles 
raps (dipoles and various complexes- Klick et al 1967; Claffy 1967a). The hole is 
ed by Ti and a photon is emitted. An electron from the F centre tunnels to an 
ity site and restores it for the next recombination. MiUer and Bube (1970) also 
sed similar pre^ss^. Mayhugh et al (1970) further modified the model retaining 
he recombination site. The role of Ti in luminescent processes was investigated in 
vork also (Wintersgill et al 1977; Watterich et al 1983; Townsend et al 1983), 

; et al (1980) suggest^ details of the emission process, and found that addition of 
s not increase the ionic conductivity of LiF; Mg. Hence vacancies for charge 
snsation Me bound to Ti They have enumerated various possible complexes of Ti 

3H , O ", Mg^^, vacancies, etc which can act as recombination sites for 
ms or holes. 



Thermoluminescence of alkali halides 


Recently, it has been argued (Sagastibelza and Alvarez-Rivas 1981) that Ti do 
play any role in emission processes. Though Jain and Sootha (196*^ related 2 
band and vice-versa in LiF crystals obtained from different sources. It 
observed that this band does not undergo any change during irradiation or tl pr 
For these reasons, it has been suggested that F centres act as recombination sit 
holes (or interstitials) released thermally. This is consistent with the fact that F o 
anneal out partially during most of the ^ow peaks. Z 3 centres (225 nm band) havt 
suggested as recombination centres by Rao (1974, 1980). 

It may be mentioned that the Ti related band is rather weak and broad; the chan 
absorption could be difficult to comprehend. Radyabov (1983), studied the chanj 
measuring luminescence from the Ti related band and found changes in valence st 
Ti upon irradiation, and restoration upon heating. Similarity between tl emissio 
Ti luminescence spectra was also confirmed. 

Thus, it is seen that our knowledge of recombination processes has not advj 
much. The chief difficulty is in identifying the ultimate photon-emission step. 1 
not elaborated in any of the models discussed and the details of the emission pro< 
are not predicted or understood. 

S.2 Other alkali halides 

Studies on other alkali halides are scanty and only electron traps are generally sU 
Recombination centres are assumed to be some V type centres prevailii 
the temperature range. Where hole traps are assumed, the electron centres su 
F, Zi, Mg"^, etc are proposed as recombination centres. 


6 . TL emission spectra 

In most alkali halides containing Z centres, tl emission spectra are similar for all 
peaks, only the relative heights of the different emission bands differ. Thus, in 
doped with Sr or Ca, the emission spectra consist of a prominent 450 nm band v 
580 nm shoulder (Katz et al 1972). In KBr; Ca, an emission band is observed at 4x 
for both F and Zi glow peaks (Gartia et al 1978). In RbQ: Ca (Sapru and Sastry ] 
bands at 1-46,1-85,2*20 and 2-75 eV have been observed for glow peaks at 335 (Zj 
400 (F) K. These are not very different from those observed in undoped crystals. Ir 
doped RbBr (Sapru and Sastry 1982) additional bands are observe due to dopir 
the same, the spectra are the same for all glow peaks. In NaCl: Mg (Wattericl 
Voszka 1973a), on the other hand, differences were observed in emission speci 
different glow peaks. The emission spectra have been used to construct 
models for tl processes. A typical model for KCl:Ca is shown in figure 6 . 

Emission spectra of LiF-TLD 100 have also been studied (Kathuria et al 
Crittenden et al 1974; Harris and Jackson 1970; Bloch 1968; EUis and Rossiter 
Jain et al 1973; Fairchild et al 1978; Townsend et al 1983), and are found to be simi 
spectra for other alkali halides, in that, the spectra are the same for all glow peaks 
the relative heights of different emission bands change. Most of the early studiei 
emission as a broad band around 400 nm. The variations in maxima positions 1 
certain conditions were claimed (Bloch 1968; Harris and Jackson 1970; Sagasti 
and Alvarez-Rivas 1981). Fairchild et al (1978a) showed that emission at all glow ] 
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Conduction band 



Figure 6. A typical band-gap model to explain tl in alkali halides. 


be fitted to three Gaussian shaped bands at 3*01, 2-90 and 2-71 eV, the relative 
;hts of which change at different glow peaks. 

he data on emission have so far not been put to proper use. The interpretation is 
Eilly based on the band gap model (see figure 6). The model is rather naive. The 
ssion need not correspond, as is depicted by the model, to the difference between the 
und state energies of the participating defects. Although we know the difference 
veen the ground and the fiist excited states of the defect, the position of the ground 
e relative to the valence (or conduction) band is not unequivocally determined in 
lous theoretical calculations. The band gap model is highly sensitive to this. Again, 
ing the emission process the defect will be characterised by a different configuration 
rdinate as compared to that during absorption. Detailed knowledge of the excited 
I ground states (£-k diagram) of the defect is necessary. This may be obtained from 
emission spectra if a proper interpretation is made. Serious attempts to understand 
emission spectra on the basis of solid state theories have not yet been made. This is 
ontrast to our understanding of the low temperature processes. It is shown (Aboltin 
\l 1978; Grabovski and Vitols 1979) that during the low temperahire, tl, release of 
:trons and their capture by Fit centres, results in ste (self-trapped exciton) and tl 
ission is characteristic of ste. The analogue of such a process valid at rt should be 
estigated. This will also help in clarifying whether the different emission bands arise 
he same process, or whether they originate in recombinations of thermally released 
LTges with different available centres. 


Mechanism of luminescence 

e different mechanisms proposed to explain the tl in alkali halides can be grouped 
0 three basic types described below. 
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7.1 Mobile hole models 

In these models it is assumed that during tl read-out, holes are released, anc 
recombine with electron centres giving tl. The support comes from the fact that 
crystals (pure and doped) F centres anneal out during every glow peak, hence they 
be in the role of recombination centres. The traps, thus, should be of the hole ty 
doped crystals, it is easier to picture dipoles and their complexes as hole traps i 
than as electron traps (Mladenova et al 1982). 

The objections to these models come from the well-established correlations bel 
electron centres and glow peaks (figure 3). Thus, in the doped crystals, the va 
centres related generically to F centres (and hence electron centres) vanish d 
particular glow peaks. This cannot be explained by a mobile hole model which ex 
all electron centres (F and impurity related) to anneal out during every glow peak 
PSTL and PTTL experiments are also difficult to explain in these models. Thus, the 
argument is that the bleaching by F light will result in filling of electron traps an 
hole traps. 

7.2 Mobile electron models 

The models in which electrons are depicted as mobile entities are frequent. Elec 
are released from various traps (F, Zi, etc) during different glow peaks, 
recombinations with hole type centres produce tl. The models explain the obs( 
correlation between glow peaks and electron centres very well. Emission spectr; 
also be explained with the help of the band gap model (figure 6). 

Supralinearity, sensitization and fttl in LiF has also been explained in diff 
versions of the mobile electron model (for a review see Horowitz 1981). Oj 
absorption bands at 195,225,250,310, and 380 do not show any appreciable diffei 
in virgin and sensitized samples; with the possible exception of the 225 nm band, th 
neither exhibit supralinearity (Zimmerman and Cameron 1968; Takeuchi et al 
Kos et al 1980; C^das et al 1983) nor sensitization. Models suggesting supraline 
and sensitization in trapping processes therefore appear less probable. Hence, in se 
models the supralinearity was attributed to removal of competition from 
luminescent centres (Chandra et al 1980; Lakshmanan et al 1982 and refen 
therein), increase in luminescent centres (Mayhugh et al 1970) or increased lum 
cence efficiency (Claffy et al 1968; Attix 1974,1975; Zimmerman 1971). Semi-emp 
calculations (Moharil 1983a) showed that the model of Lakshmanan et al (1982 
lead to supralinearity and sensitization of the observed magnitude. 

The model of Attix (1974,1975) proposes tl as a quasi-localized process. Elect 
and holes are trapped in the tracks of the ionizing particles. These can recombii 
their own track which are distant at low doses. At high doses the tracks ‘interact*, 
thus the effective number of luminescence centres increase, resulting in a suprali 
response. The sensitization is attributed to left-over luminescent centres which wer- 
reached during the post-irradiation annealing. It is to be noted that the nature o 
mobile entity does not affect his model. Notwithstanding the objection 
Lakshmanan et al (1979), it has recently been shown (Moharil 1983b) that the m 
can explain experimental results in quantitative details. Horowitz et al (1982) 
made more sophisticated calculations. 

The model proposed by Mayhugh et al (1970) is a hybrid between the mobile elec 
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the mobile hole model. Thus, it is proposed that electrons are released during read- 
These recombine with centres and annihilate one hole converting them to 
res which are unstable at rt. The K* centres migrate and recombine with electrons 
combination sites provided by the Ti impurity. A photon is emitted in this process, 
loss of electron is made up by tunnelling of electrons from F centres to the 
mbination centre. A second photon may be emitted during this process. Thus, in 
model, though the mobile entity is the hole, the glow peak temperatures would be 
acteristic of electron centres. The correlation of glow peaks with electron centres is 
explained. A parallel of this model for other alkali halides has also been suggested 
rtia et al 1979; Ratnam et al 1979, 1980; Sridaran et al 1981). 


Mobile interstitial model 

irez-Rivas and co-workers have argued that tl is not due to release of electrons or 
as there is no tsc associated with glow peaks above rt (Sagastibelza and Alvarez- 
is 1981; Ausin and Alvarez-Rivas 1974). The occurrence of several glow peaks in 
z crystals cannot be explained by a mobile electron (or hole) model. Jain and 
liendru (1965) postulated two types of F centres to explain two glow peaks in 
cpure’ KCl. Ausin and Alvarez-Rivas (1972,1974) showed that at higher doses, as 
ly as six glow peaks are observed, and it will be ridiculous to assume six types of F 
tres having identical optical absorption. The trap depth values are sometimes too 
tl to correspond to F centres. Prompted by these observations, they propose that tl 
lue to release of halogen atoms from interstitial positions, and their subsequent 
3 mbinations with F centres. The different glow peaks arise due to the presence of 
erent groups of interstitial clusters which release halogen atoms at different 
iperature ranges. Various pieces of experimental evidence supporting the model 
lich are claimed to be going against the other models) are documented (Ausin and 
arez-Rivas 1972, 1974, 1976; Gunero and Alvarez-Rivas 1978; de Castro and 
^arez-Rivas 1979, 1982; Mariani and Alvarez-Rivas 1978; Hodgson et al 1979; 
piolo and Alvarez-Rivas 1980; Delgado and Alvarez-Rivas 1981, 1982). One such 
aarkable piece is the evolution of the glow curve. In all alkali halides (pure and 
ped) several glow peaks are observed; lower temperature glow peaks grow, saturate, 
1 then decline giving birth to new peaks at higher temperatures. At very high doses 
: 10^ R), the glow curve often simplifies to a single glow peak at the highest 
nperature. These results, it is argued, cannot be explained by mobile hole or electron 
)dels. These models expect the traps to grow and saturate at best with dose, not to 
aish. A mobile electron model can explain the results. Clusters of only large sizes are 
med at high doses which release halogen atoms only at high temperatures, the lower 
nperature peaks observed for low doses are thus absent. 

Initially, it was felt (Hughes 1976) that the model is satisfactory for pure crystals, but 
•t for doped crystals in which a definite correlation between electron centres and glow 
aks is established. Alvarez-Rivas and co-workers, however, have extended the model 
doped crystals, despite such correlation (Rascon and Alvarez-Rivas 1981; de Castro 
id Alvarez-Rivas 1982; Delgado and Alvarez-Rivas 1981). They observed similar 
olution of glow curves in doped samples as observed in pure. The appearance of the 
aracteristic glow peak(s) is due to creation of characteristic interstitial trap(s) by 
ipurities. 
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However, the correlation between electron centres and glow peaks can be 1 
explained by the mobile electron model Thus, F band bleaching creates (or incr- 
the impurity related electron centres. In corresponding glow curves also an addi' 
glow peak is observed (or an increased response of an existing one at the cost < 
other). Th& can be perfectly explained in a mobile electron model. How to explm 
in a mobile interstitial model? What can be the effect of F bleaching on the interst 
Crawford and Nelson (1960) reported a conversion of 220 nm band to 290 and 31 
bands following F bleaching. This is attributed to Cl® + e — Cl reaction. Howeve 
to be noted that the reaction gives a stable product only at lower tcmperatui 
modified version of this may exist at rt. Even granting this, the other details ai 
explained. It is not clear as to why the impurity-related electron centres should a 
out during a particular glow peak. A possible answer is that the holes or inter 
capture cross-section of impurity centres are more than that of F centres (indeed, 
is some evidence in favour of this idea-CapeUati et al 1963; Gartia et al 1978), bu 
the counterpart of this in the mobile electron model that in pure crystals F < 
electrons are responsible for all glow peaks, and the different peaks arise due to th 
that electron capture cross-section of different hole centres becomes effective in vj 
temperature ranges (Bonfiglioli et al 1959) is also equally logical. Again, it is not 
why the creation of new interstitial traps by F bleaching occurs only in doped cr 
and not in pure ones. 

A possible answer to all this criticism is that the tl is a quasi-localized process; 
mobile interstitial model the recombinations are correlated and not random. Thi 
interstitials near the impurity-related electron centres are released at dif 
temperatures compared to those for the interstitials in other environments. Th 
fully explain the correlation between electron centres and glow peaks. 

Recently, Sagastibelza and Alvarez-Rivas (1981) have extended the model to e: 
TL processes in LiF-TLD 100. The model has an added advantage that it presi 
unified picture of tl processes in alkali halides, and hence deserves a closer inspe 

There was no tsc observed suggesting the neutral nature of the trapped entiti- 
evolution of a glow curve similar to that observed in other alkali halides was notic 
TLD 100 also. The F centres anneal during most of the glow peaks. The tl is thus \ 
release of interstitial F atoms and their subsequent recombinations with el< 
centres. Both impurities Mg and Ti create traps for interstitials. 

The supralinearity is due to conversion of lower temperature peaks to dosi 
peaks. The mechanism of sensitization is two-fold; (i) conversion of lower tempe; 
peaks (I-IV) to a dosimetry trap during pre-irradiation and (ii) though the tra 
emptied during the post-irradiation thermal anneal they are not destroyed, and 
in the sensitized sample more traps are available. 

During F bleaching F centres migrate as F* (F centres in the excited state). Sc 
them recombine non-radiatively generating heat. This results in creation of inters 
PTTL arises from filling of the traps by these interstitials. 

The above mechanisms are consistent with facts that there is no supralinearity 
sensitized samples; the trap conversion has already occurred during pre-irrad; 
Indeed peak IV is not’ observed in the sensitized samples and pttl glow i 
(indicating IV-V conversion?) For pre-irradiation doses less than lO^R, the conv 
is not complete and peak IV is observed in such samples. It fades with increasin 
irradiation doses. During exposure to high let radiations (e.g. a rays), trap FV 
filled, supralinearity is also not observed in such samples (Jain 1981b). The sensiti 
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ws the response of peak V in the virgin sample. It is maximum for lO^R, 
riorates for higher doses, and becomes negligible for doses exceeding lO^R. This is 
patible with the fact that maximum empty traps V are left behind with lO^R. For 
er doses, the traps themselves are converted to yet higher temperature traps, 
le model for LiF-TLD 100 differs from that proposed for other alkali halides, in that, 
ict pre-existing traps are assumed. Once such traps are assumed the model runs 
the same difBculties as that encountered by the mobile electron model 
lus, supralinearity is attributed to the conversion of low temperature peaks to 
tT temperature peaks. This implies that the relative heights of these peaks should 
tie in the supralinear range. The peak height ratios, on the other hand, do not show 
changes (Sunta et al 1971; Jarret et al 1971; Nakajima 1971). All these peaks grow 
dincarly. Again, in the sample annealed at 200 C for 23 hr, response of peak IV is 
^ quite markedly. The supralinearity in this sample should also be reduced as 
are fewer traps FV available for conversion. Experimentally it is observed that this 
•le also exhibits the supralinearity factor at least equal to that observed in 400 C 
lied sample (Jain 198Id; Moharil 1984a). 

;tails of PTTL also contradict the prediction of the model (Moharil 1984a). After 
irradiation thermal annealing, empty traps are left behind (assumption necessary 
plain sensitization). If the traps are now filled by interstitials made available by F 
hing, the ratio of peak heights V/I, V/II etc., should remain constant, at least when 
aps are filled well below the saturation level because the relative concentration of 
is now constant (F bleaching will not alter it). However, the evolution of glow 
!S is observed (Jain 1981b; Moharil 1984a) even now. 

us, it seems that the success of the mobile interstitial model for other alkali halides 
t to the assumption of interstitial traps which are not specified. Depending upon 
tiling conditions, different interstitial clusters are formed, and the various glow 
5 can be ascribed to them. Interstitial clusters of various sizes are not identified 
idually in optical absorption spectra. The optical ‘anonymity’ of the traps helps in 
ling several awkward questions which the mobile interstitid model can afford to 
f the other models. Once the distinct pre-existing traps are assumed (as for LiF), 
lodel faces the same difficulties as are encountered by the existing models, and it 
the advantage it has over them. The evolution of the glow curve is also often 
ent (Sunta et al 1971; Bhan 1982a, b) from that predicted by the mobile interstitial 
j 1. It will be necessary to verify and examine more closely the evolution of glow 
s and the other strong points, such as the absence of tsc during glow peak above 
f the mobile interstitial model. 

«pite the above mentioned failures, the model has one attractive feature, viz it tries 
ssent a unified picture of tl processes in alkali halides. The model should be revised 
nove these shortcomings. It will have to give way to a better model in case this is 
•ossible. 


"rapping parameters 

lot the aim of the present paper to review the trapping parameters presented in 
us studies. This can be a topic for a separate review. The vast differences in the 
•ing parameters obtained by different workers (Taylor and Lilley 1978; Antinucci 
. 977; Townsend et al 1979; Kathuria et al 1979) forbid a general discussion leading 
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to basic physical processes. Only the peculiar points regarding trapping parametc 
be discussed. 

It had been pointed out (Stoebe and Watanabe 1975) that peak V in LiF-TLC 
anomalously narrow. This gives a high'trap depth value, which, in turn, le 
unrealistically high values of frequency factors. The experimental results show tl 
situation is not limited only to LIF-tld 100; similar results have been obtained fo 
alkah haUdes also. Thus, it is found in KQ doped with different impurities that tb 
around 185 C is very narrow (Wakde et al 1980). The samples used by different w 
may contain varying amounts (and types) of background impurities. The press 
these impurities may not always be felt in the form of a characteristic glow peak i 
can appear after F bleaching). The fwhm of the 185 C peak, however, will be affec 
these impurities. The effect will depend upon concentrations and nature 
background impurities. One of the reasons why vastly differing paramete 
obtained could be peak shape methods are mostly used. It would be interesi 
investigate in detail how the different impurities affect the peak shape. It may 1 
processes other than those considered by the model overlap. Thus, a very narrow 
peak (fwhm = 4 K) has been reported in NaCl: K around 400 K which led to tl 
depth values exceeding the band gap when the usual methods of an^ysis were a 
(Deshmukh et al 1982). It was interpreted that the peak arises from processes e 
different from those considered by the usual models. The impurity formed 
metastabie phases and charges are trapped near these phases. During heatii 
metastable phases dissolve and the trapped charges are released. The narrow fv 
the glow peak is due to the narrow temperature interval over which the phases di 
A narrow peak has been reported in NaCl: Cu also (Delgado and Alvarez-Rivas 
though this has been attributed to the evaporation of colloids, some phase chanj 
be conceived in this sample as well. It seems plausible that such processes over) 
usual TL processes leading to anomalously sharp glow peaks. In the light of the 1 
solid solubilities of the alkaline earth impurities, the formation of such meU 
phases (Suzuki phases?) and their dissolution at higher temperatures is always 
probable. It will be useful to investigate these effects in detail. 

The frequency factors obtained are also often unrealistically high. One expec 
be of the order of lattice vibration frequencies (lO^^-lO^^), but very high values i 
infrequent in the doped crystals. Besides, the s values obtained by various worker 
by orders of magnitudes. Kathuria and coworkers (Kathuria et al 1979; Kathui 
Sunta 1979,1982; Kathuria and Moharil 1983) have shown that this is partly du( 
use of trap depth values in calculating the frequency factor. Variation in E val' 
reflected on an enhanced scale in s also, as E occurs in the exponential factor 
expression for s. It will be desirable to obtain the frequency factor independeni 
trap depth value. One such method which uses isothermal decay of tl has been r 
proposed (Moharil 1981b, 1982b; Lilley 1982). 

The temperature dependence of s (Moharil 1981) or E (Podgorask et al 197; 
also cause anomalous trapping parameters. Empirical equations which incorpoi 
temperature dependence of frequency factors have been suggested (Keatinj 
Razdan et al 1977). 

The principal difficulty in obtaining the temperature dependence parametei 
the experimental data is that a very slight variation of either £ or s with temper: 
sufficient to restore the trapping parameters to the normal values. Thus, it hi 
shown (Moharil 1981c) that the equations incorporating temperature dependei 



B T Deshmukh and S V Moharil 

»e solved and the solutions lead to simultaneous equations involving £, 5, the order 
netics and the temperature dependence of s. The coefficients of the last named, 
;ver, are so small compared to other quantities that it cannot be calculated with 
able accuracies of the experimental data. 

lere has been some controversy over the order of kinetics (Kathuria and Sunta 
. 1982, 1983a, b; Taylor and Lilley 1982, Lilley and Taylor 1981; Lilley and 
eever 1983; Moharil 1981d, 1983c, 1984b). In most of the glow curve fitting and 
ermal decay analyses, first order kinetics is assumed. The suggestion of May and 
idge (1965), regarding the general order kinetics, on the other hand, has been 
ired by several workers. Indeed, first order equation results only when there is no 
pping. For equal retrapping and recombination probabilities, second order 
ics appUes. In general, these probabilities can bear any ratio. Even in these cases, 
loes not derive May and Partridge’s (1965) equation, which is only an empirical 
[t has been suggested that Antonov-Romanovski’s equation can be more useful 
le methods to obtain trapping parameters using this equation have been suggested 
\aril 1982a, 1984b; Moh^ and Kathuria 1983, 1984; Takeuchi 1984; Kathuria 
Moharil 1983). 

ost of the calculations discussed above use grossly oversimplified descriptions of 
iminescent processes. A detailed understanding of the tl processes is required for 
ining meaningful trapping parameters. In modem curve fitting methods, one can 
ider more complicated processes. It is possible to fit the glow curve to an equation 
ring as many as eight parameters (and not only £, s and order of kinetics, Chen 
1981). However, the beisic tl equations to wffich the data is fitted themselves 
nd upon the model used. There can be numerous possibilities and various 
tions can be derived. Without some a priori knowledge of the basic processes, one 
ot select a proper model. While calculating the trapping parameters, the validity of 
nethod used in connection with the glow peak under consideration should be 
ked. This has also been reiterated in earlier reviews (Kirits and Hagebuck 1977). 

Conclnsions 

discussion in the preceding sections shows that although our knowledge of 
nescent processes has considerably advanced, it is still inadequate, 
alkaline earth-doped alkali halides, one expects defects such as dipoles and their 
egates, clusters with vacancies, etc., to be present prior to irradiation. During 
liation, these defects can serve as traps for electrons and holes (or interstitials), 
ther possibility is that one can eliminate these complexes by careful experimen- 
in, and after irradiation form weU-characterised colour centres (such as Z centres) 
h are subject to precise measurements such as esr and dichroic absorption, 
iming from these two possibilities, two distinct types of results can be obtained 
:h lead to different views. 

ne view is that TLis due to release of electrons from traps. The correlation between 
3US electron centres and glow peaks is studied by supporters of this view. The 
elation is observed under careMy set conditions of phosphor preparation that 
:rates relatively simpler optical absorption spectra and glow curves. The expla- 
on of more complicated processes observed for various thermal pre-treatments 
ttenden et al 1974; Toumon and Dabois 1968) is not attempted, 
nother view suggests that tl is due to annealing of defects such as interstitials or 
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dipoles and their aggregates, clusters, etc., which have trapped charges. The d 
thermal treatments produce complicated absorption spectra (which cannot 
plained by a mobile electron model). The results can be readily explained by mod 
as the mobile interstitial model. However, the supporters of this model do not c£ 
optical bleaching experiments to establish correlation between electron cent 
glow peaks. The correlation is insignificant for such models. 

These diverse views have led to two groups of researchers, each proceeding 
independently and ignoring the work of the other. A reconciliation between th 
views is necessary for proper understanding of the tl processes. The mobile inti 
model should attempt to explain the observed correlation between electron cent 
glow peaks. The mobile electron model should attempt the explanation 
‘complicated’ processes observed in the samples subject to different thermal trea 
The correlation experiments should be extended to these samples as well (in th 
halides other than LiF, even the simple glow curves are not well imderstood, a 
essential to understand the simple patterns first, before studying the comple 
curves. Pre-heat treatments should be chosen to achieve this goal). The genuine 
of the correlation has also to be established in view of the comments by Tay] 
LUley (1982). At low temperatures D 3 wavelength could regenerate the same p 
those generated by F light (de Castro and Alvarez-Rivas 1982). The pres( 
unintentional impurities continues to be a major obstacle in understand 
processes. The role of OH " in processes in tld 100 has been discussed in several 
(DeWerd and Stoebe 1971; Nakajima*1971; Vora and Stoebe 1977; Akhvedia 
1980; Lobanov et al 1980,1982; Wachter 1982; Takeuchi et al 1983). The OH con 
the samples used by various workers can differ by vast amounts. The concentrati 
also seldom stated, or even measured. LiF is the least hygroscopic of the alkali 1 
In other alkali halides, the role of OH can be more important (Moran and Lut] 
When alkali halide crystals are grown in air, OH is always incorporated due 
decomposition of the salt by water present in air (Andreev 1965; Patterson 196 
OH concentration and the form in which it is incorporated in the lattice is not 
for these crystals. It will be useful to obtain OH free crystals (this may be achi« 
using pyrolytic graphite crucibles which have got a cleaning effect on OH, Seller 
al 1980). The crystals containing controlled amounts of OH can then be studied j 
role of OH decided. The oxidation of impurities, or incorporation of oxygen in 
during growth is another major unknown factor. A better understanding o 
factors will lead to more vivid picture of tl processes. 

The changes produced in hole type centres by introduction of the imj 
(production of V 2 centres, etc.) also need greater consideration. At preset 
electron centres of the alkaline earth impurities are well understood, and their ro 
processes widely discussed. The changes in hole type centres also might be refle 
TL The correlation between these centres and changes in glow curves and n-ei 
spectra by incorporation of impurity will further our understanding. 
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Low-temperature stabilization of pure MnO 
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Abstract. A technique has been worked out for stabilizing polycrystalline MnO a 
oxidation in air without dopants and without exceeding a temperature of 800°C in the pi 
The material is active though highly resistant to oxidation. 

Keywords. Stabilized MnO; active MnO; pure MnO. 


1. Introduction 

MnO, the lowest oxide of manganese, is well known, in a polycrystalline form, to pi 
oxygen from air and get oxidized easily even at room temperature. The oxid 
however be dead burnt by heating at 10()0°C for some hours in an inert atmosphi 
hydrogen and thereby stabilized against oxidation at room temperature (Hay et al 
rhfffttham and Hope 1983). The stabilization of MnO by processing bdow 800®' 
also been achieved by doping with other oxides, particularly ZnO (Deshpande 
1978; Deshpande and Murthy 1981). A low-temperature stabilization of MnO wi 
any dopants does not appear to have been worked out so far. The low-temperati 
processing is necessary to keep the oxide active enough for purposes of catalysi 
solid state reaction with other oxides; the absence of dopants is obviously necessi 
avoid unwanted impurities. The present paper deals with the stabilization of 
polycrystalline MnO by processing below 800°C and maintaining the oxide in a 
divided state. 


2. Experimental 

The experimental set up is illustrated in figure 1 which is a somewhat simplified w 
of that described in an earlier paper by one of the present authors (Deshpand 
Murthy 1981). The system is perfectly gas-tight and previously tested for h< 
vacuum, though evacuation is not needed in this work. Tlie figure is self-explanat 
higher oxide of manganese prepared by heating precipitated manganous oxal 
300°C in air is taken in platinum boat, 5, while an excess of reduced iron powder is 
in silica boats, 4, placed in the furnace tube in the vicinity of the platinum boa 
assumed that the iron gets converted to Fe 304 with the available oxygen in the: 
oxide of manganese taken, and double the amount of iron calculated on this b 
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Figure 1. Preparation unit for MnO; (1) gas inlet; (2) B-14 silica to pyrex joint; (3) quartz 
tube (SO nun dia); (4) iron powder in Silica boats; (S) Mn in platinum boat; (6) B-55 silica to 
pyrex joint; (7) thermocouple; (8) Kanthal-wound furnace; (9) mercury manometer/cut off; 
(10) petri-dish with foam rubber cushion. 

>n in the silica boats. Care is taken to avoid any contamination of the oxide of 
iganese with the iron. It helps to dilute the iron powder a little with an inert material 
1 as alumina to avoid the formation of iron clusters on heating. The unit is then 
mbled as shown in the figure and flushed with cylinder nitrogen for 10-15 minutes 
1 the gas entering at 1 and bubbling out of the manometer 9. The inlet stopcock is 
1 closed, the temperature of the reaction tube is raised to 750-800°C and the oxide of 
Iganese is soaked at this temperature for aboutpight hours in a static atmosphere of 
Oder nitrogen with the reduced iron also present in the system. The furnace is then 
tched off and cooled to room temperature. The resulting oxide of man ganese in the 
dnum boat is taken out by opening ground joint 6 . 

m x-ray powder pattern of the material completely tallied with that of MnO. 
; oxide of manganese was checked for any active available oxygen by heating 
idth hydrochloric acid in a current of oxygen-free nitrogen (Schenk 1963), and 
1 closed system previously flushed thoroughly with the same gas. The gas was 
•wed to bubble through a solution of potassium iodide and starch in the same closed 
tern. The starch iodide showed no change of colour indicating the absence of Mn^'''. 
x-ray photoelectron spectrum (xps) of the oxide of manganese gave the expected 
ks at 6409 and 652-5 eV corresponding to 2 p 3/2 and 2 pi /2 core levels of Mn^"^. 
5 peaks at 641-7 and 653-3 eV, characteristic of the same core levels of Mn^"*", were 
ticularly looked for and found to be absent (Rao et al 1979); in fact, there were no 
er peaks. A known weight of this oxide of manganese was heated overnight in a 
ffle furnace at 900°C, cooled in a desiccator and weighed, llie increase in weight 
responded to 7-52% which was just the expected value for oxidation of MnQ to 
13 O 4 . A thermogram of this oxide of manganese with a heating rate of 10°/nm 
wed an increase in weight only after 440‘’C. When, howevei:;*fftB thermogram was 
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repeated with a slower heating rate of SVniin, there was a faintly perceptibl 
weight only above 200°C, though even then the increase in weight upto 400°C 
than 0-3 %. A diffuse reflectance spectrum of the substance gave absorption 
616,485 and 422 nm in complete accord with the absorption spectrum of Mr 
crystals reported earlier (Pratt and Coelho 1959). A scanning electron micro 
this MnO is given in figure 2. Every one of the properties of MnO given al 
rechecked after storing the powder in air without any special precautions i 
months, and found to be fully reproducible. 

The MnO prepared as above was mixed with a little NH4HCO3 and hea 
water bath side by side with another sample of the same MnO unmu 
NH4HCO3. It was found that as soon as the bicarbonate started decompo 
MnO mixed with it got oxidized and turned black; while the MnO without NI- 
remained olive green as before and answered no test for Mn^"''. 


3. Discussion 

The reduced iron powder acts as an oxygen getter and completely takes up the 1 
oxygen in the higher oxide of manganese as well as the cylinder nitrogen 
filling the reaction tube. Whatever oxide of iron is formed in the process is incj 
reoxidizing the MnO; and this is as it should be since it is well known that wl 
can reduce Mn®"^, Mn^"^ is never known to reduce Fe^"*^. The chemical tes 
absence of available oxygen, the expected weight increase in air at 900‘’C to Mi 
xps, the x-ray powder pattern and the diffuse optical reflectance spectrum 
the formation of MnO and the absence of Mn*+ in it The fact that the substai 
stand all these tests after a lapse of three months of storage in air shows the 
keeping qualities of this MnO. The thermograms show that this MnO is not os 



Fignrc 2. Scanning electron micrograph of MnO. 
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upto 200°C while its oxidation even upto 400°C is very slow. The electron 
crograph (figure 2) shows fairly uniform particles in the range of 2-4 yasL The escape 
available oxygen from and through the higher oxide of manganese during the 
sparation br^ks up the particles which are already s mall and active, being prepared 
an eflFervescent decomposition of manganous ox^te in air below 300°C. Since the 
^sequent processing is carried out below 800°C, the grains are naturally as fine as 
Lire 2 indicates. It is well known that the oxidation of MnO in air is nucleated and 
^ered off at a limited number of active sites at which an initial highly exothermic 
smisorption of oxygen occurs (Hayward and Trapnell 1964). Apparently such highly 
ive sites disappear in the process of soaking at 750 to 800°C for some hours, thereby 
iferring on the MnO the observed resistance to oxidation. All the same, the particles 
still finely divided as mentioned earlier. The fact that this MnO loses its resistance to 
dation by the effervescent decomposition of NH4HCO3 mixed with it clearly 
ifirms the above explanation of its observed stability. The gases (NH3, CO 2 and 
O) evolved from the decomposing bicarbonate disintegrate the MnO particles and 
ose fresh active sites at which chemisorption of oxygen can initiate the oxidation of 
O. Incidentally this gives a method of improving the activity of this MnO in situ 
vided the ambient atmosphere is inert. 

liis method of stabilizing MnO has obvious advantages over that of‘dead burning’ 
•ve 1000®C, or doping with other oxides such as ZnO (Hay et al 1934; Deshpande et 
.978; Deshpande and Murthy 1981). The former process renders the MnO too 
:tive for any subsequent use while the latter introduces unwanted and sometimes 


mful impurities besides being more cumbersome and difficult. In detail, the latter 
cess (which was also worked out by one of the present authors, mnsm) involves an 
ial evacuation of the system, filling the system with oxygen-free nitrogen, 
nta inin g a running current of the inert gas (scrupulously free from oxygen) all 
)ugh the thermal decomposition of the oxalates and above all, thoroughly degassing 
MnO in running high-vacuum in order to desorb the CO produced by the 
omposition of the oxalates and tenaciously chemisorbed by the MnO (Hayward 
Trapnell 1964). The heat of chemisorption of CO on MnO is as high as 644kcal per 
e at room temperature. The continuous flushing of the system in this process with 
gen-free nitrogen is necessitated by the tendency of the CO 2 evolved in the process 
►xidiK the MnO at the temperature of preparation (Sidgwick 1950). The degassing 
ded in the process is liable to remove part of the thermolabile ZnO and thereby 
nge the stoichiometry of the solid solution arbitrarily. Furthermore, traces of CO 
f still remain with the MnO and this may be undesirable if the MnO has to be 
)loyed subsequently in the preparation of mixed oxide systems involving easily 
jcible metal oxides such as NiO, Fe 203 , CuO,CoO etc. The present process has 
e of these complications, involving no evacuation at any stage, employing only 
nder nitrogen (that too only during the initial flushing of the system) and requiring 
legassmg. Obviously, there is no possibility of any CO coming into the picture at 
stage of this process. 


Conclusion 

present paper deals with a novel method of stabilizing pure polycrystalline MnO 
■loymg a process not exceeding a temperature of 800“C. The MnO is surprisingly 
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resistant ti» i>xiiiati»ti in air while being sulficicntly finely divided with particle sizes i 
the range of 2 4 pm. The particle size can be further reduced if necessary by heating i 
situ with NH 4 in an inert atmosphere or in vacuum below 100“C. The process; 
very simple and gives an MnO totally free from harmful adsorbed gases. 

While Mnt) chemisorbs carbon monoxide, oxygen and hydrogen very we 
(Hayward and Trapncll 1964), it has unfortunately not been used as a contact catalyst i 
reactions involving such gases. The reason is obviously that it has not been available in 
stable and sufliciently active form. Many mixed oxide compositions and electroni 
ceramics especially the technically very important professional soft ferrites which ar 
actually manganous zinc ferrous ferrites need pure MnO, without any Mn^*^, in 
sullicicntly active form to react eilicicntly with other oxides. The MnO made a 
described in this paper should prove u.seful for all such purposes. 
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Fe-W-Mo systems 
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Abstract. Monophase Fe 2 W and FeMo intermetallics have been prepared by hydj 
reduction of FC 2 WO 6 and FCM 0 O 4 oxides respectively below 1050 K. The ternary . 
metallics Fc 2 W 0.9 Moo.j and FeMoo-pWo -1 have also been prepared by a similar method 
the respective substitute oxides. The oxides and the intermeteics have been characteriz 
x-ray powder diffraction, x-ray photoelectron and Mdssbauer spectroscopies. The obsi 
negative isomer shift of Fe in the intermetallics is attributed to an increase in the elo 
density in Fe by electron transfer from W or Mo to Fe. 

Keywords. FeiW; FeMo; low temperature preparation; photo-electron spectrosi 
Mossbauer spectroscopy. 


1. Introduction 

Low temperature preparation of alloys of refractory metals is of current interest I 
to save energy and for potential applications in catalysis due to the finely divided na 
of the alloy (Cheetham 1980). Cheetham (1980) was the first to show the advantage 
low temperature preparation of Mo-W alloys. Erdmann and Keller (1973) prepj 
actinide (lanthanide)-noble metal alloy phases by coupled hydrogen reduction.' 
method involved hydrogen reduction of metal oxides in the presence of the nc 
metals. Ferromolybdenum was prepared by hydrogen reduction from ferric molyb( 
(Pattnaik et al 1981). Here we report low temperature preparation of intermeta 
Fe 2 W and FeMo in pure monophase powder form by hydrogen reduction of 
respective well characterized single phase oxides. 

An intermetallic compound is a phase which crystallizes with a structure other tj 
those of its components in the alloy system. Many of them are oxidation-resist 
besides having high melting point and strength (Westbrook 1967). Generally, they 
prepared by high temperature techniques such as arc melting. We considerec 
worthwhile to prepare refractory intermetallics FcaW, FeMo, Fe 2 Wo. 9 Moo-i i 
FeMoo-dWo-i by hydrogen reduction of the well-characterized parent oxides hav 
the required stoichiometry. We have employed x-ray powder difiFraction, Mossba 
spectroscopy and x-ray photoelectron spectroscopy for characterization. 
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experimental 

Fe203, WO3 and M 0 O 3 were used for the preparation of FejWOg and 
/^Oo-gMoo. lOfi oxides. Stoichiometric ratios of the metal oxides were ground in an 
: mortar with cyclohexane and then heated to 1070 K for SO hours in an alumina 
Intermediate grinding of the oxide mixture was done several times to ensure the 
ation of a homogeneous monophase product. 

ire iron powder, reduced initially in hydrogen, was used in addition to the above 
1 oxides for the preparation of FeMoO^ and FeMo 0 . 9 W 0 . 1 O 4 . The well ground 
hiometric oxide mixture was pelletized and sealed in evacuated quartz tubes. The 
t was heated to 1070 K for SO hours and then cooled to liquid nitrogen 
lerature to ensure the formation of the low temperature-low pressure a phase of 
0 O 4 . 

le intermetallics were obtained by hydrogen reduction of these oxides at lOSO K. 
reduction set-up consists of a horizontally placed externally heated translucent 
tz tube. The observed decrease in weight due to reduction and the calculated 
ht losses were compared and used as the initial check to ensure complete reduction 
e oxides before any other characterization was employed. 

)om temperature x-ray powder diffractograms were recorded using a Philips x-ray 
ictometer (pw lOSO/70) with filtered CoK, radiation. The cell parameters 
dated from the diffractograms were refined with a least squares programme celn 
le basis of the respective structures. 

le xps studies were carried out in the esca 3-makk II spectrometer of vc scientific 
with A1K« x-ray source. Binding energies reported here are with reference to 
1 / 7 / 2 ) at 83-7 ± 0-2 eV. 

dssbauer spectra were recorded at room temperature and the measurements were 
>rmed in the constant acceleration mode with a 25 mC/Co^'' (Rh) source using an 
MBS 35 (India) Mossbauer spectrometer. All the samples show a single quadrupole 
resonance. Mossbauer parameters—^isomer shift and quadrupole splitting—^were 
ined by computer fitting of the spectra with Lorentzian lines and least square 
nization. 


Results and discussion 

x-ray difiFractograms of Fe 2 W 05 and Fe 2 W are shown in figure 1(a), Fe 2 WOe has 
I reported to crysUillize with columbite structure when prepared below 1070 K and 
the a-Pb02 structure when prepared above 1070 K (Leiva et al 1982). Difficulties 
j reported in obtaining the columbite variant of Fe 2 W 06 as a single phase, since the 
)02 variant also appeared to form at lower temperatures with small amounts 
•Fe 203 . Fe 2 W 06 prepared in this study was orthorhombic with ceU parameters a 
591 A, b = 16*793 A and c = 4-97 A (space group Pben), The results are in good 
ement with those previously reported by Leiva et al (1982). X-ray diffractograms of 
I 0 O 4 FeMo are shown in figure 1 (b). Three polymorphs of FeMo 04 are 
wn ( 1 ) low temperature-low pressure form of a-FeMo 04 , ( 2 ) high 
;>crature-low pressure form of iJ-FcMo 04 and (3) high pressure form of 
[ 004 “!! (Sleight et al 1968). Pure single phase a-FeMo 04 is obtained by either 
dent grinding at room temperature or by cooling to 78° K. In this study both these 
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Figure 1. X-ray powder diffractograms of (a) Fe2W06 and FcjW, and (b) FeMoO, 
FeMo. 
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iniques were used to obtain a-FeMo 04 and the cell parameters are: a = 9*556 A, 
8-745 A, c = 7-693 A and /J = 113-62". 

e 2 W belongs to the “Laves phases” class of intermetalUc compounds. The Laves 
ses have compositions according to the formula AB 2 , exemplified by the three 
;otype structures based on magnesium, viz. MgCu 2 , MgZn 2 and MgNi 2 . The A 
ns are generally 22-5 % larger than the B atoms so that they have an effective radius 
) of rjrg = 1-225. The smaller B atoms are located at the comers of the tetrahedra 
the A atoms are accommodated at the holes enclosed by the tetrahedra; the 
:ture can be regarded as being made of two interpenetrating lattices of A and B 
os. While the three prototype structures have the same efSciency in space filling they 
T in the stacking sequence of AB 2 layers and hence in their unit over all dimensions. 
MgCu 2 structure is cubic and the MgZn 2 and MgNi 2 structures are hexagonal. 
iV belongs to the MgZn 2 type, wherein the tetrahedra formed by Fe atoms are 
sd alternatively base-to-base and point-to-point Each W atom is also tetrahedrally 
dinated to four other W atoms, but the arrangement is identical to the hexagonal 
tzite structure. The Fe 2 W structure contains four formula units per cell and 
□gs to space group P6Jinmc. The cell parameters of Fe 2 W prepared by the low 
)erature method are n = 4-743 A and c = 7*710 A. 

$Mo is a sigma {a) phase intermetallic and this phase has received much detailed 
ition as its formation leads to embrittlement. Once they are nucleated, they grow to 
ively large sizes and are particularly hard. The a phase has a complex tetragonal 
:ture with thirty atoms distributed on five special positions of space group P42/mnm 
unit cell with c/a 0-51 -0-54 and c = 4-5-5-2A. The <t phase is ordered and 
)us atoms have a perference for one of the five positions. ITie cell parameters of 
[0 prepared by us are: a = 9-190 A and c = 4*814 A. It should be noted that both 
Laves phases and the sigma phase belong to a class that has been termed as 
hedrally close-packed structures (t.c.p.) which involves packing of somewhat 
»rted atoms in distorted polyhedra. By adopting such arrangements, these 
:tures achieve denser packing than could be obtained if geometrically close-packed 
;tures were formed. Atomic coordination of 12,14,15 and 16 may occur and 
matic classification of t.c.p. structures have been proposed based on the manner in 
h the corresponding coordination polyhedra interpenetrate. Cell parameters of 
FeiW and FeMo prepared by the hydrogen method, agree well with the reported 
:s for the sample prepared by the conventional high temperature melting method, 
nic radii of and Mo®"^ are of the same value for the octahedral coordination 

nnon et al 1969). Hence substitution of Mo in Fe 2 W 06 to give Fe 2 W 0 . 9 Mo 0 . 1 O 6 
W in FeMoO^ to give FeMoo .9 Wo-iO^ permits the basic structure to be retained, 
corresponding intermetaUics Fe 2 Wo. 9 Moo.i and FeMoo. 9 Wo.i also retain the 
: structure of Fe 2 W and FeMo respectively. 

•ray photoelectron spectra of Fe(2p) and Fe(3s) in Fe 2 W 06 and FeMo 04 are 
m in figures 2a and b respectively. The shift of the 2 ^ 3/2 peak to higher binding 
gy by 3-2 eV in Fe 2 W 06 and to 2-5 eV in FeMo 04 as compared to metallic iron 
^s the oxidation of Fe to be 3 + and 2 -h states in these oxides respectively 
udevan et al 1979). Further, the exchange splitting of Fe(3s) with a value of 6-5 eV 
4*6 cV respectively in Fe 2 W 06 and FeMo 04 indicate the high spin configuration 
e in these oxides (Rao et al 1979). The 3d photoelectron spectrum of Mo in 
0O4 and FeMo are shown in figure 3(a). The 4 eV shift of Mo( 3 d 3 / 2 ) FeMo 04 
^s the oxidation state of Mo to be 6 H- (Haber et al 1976). The W(4/) spectrum in 
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Figure 2. (u) Fe (2p) core level photoelectron spectra in FeMo 04 , Fe 2 W 05 anc 
(b) Fe (3s) core level splitting in FeMo 04 and Fe2W06. 


Fe 2 WOg and Fe 2 W are shown in figure 3(b). The oxidation state of W is found 
6 + in Fe2W06 as expected (Haber et al 1976). The Fe (2p) lines of the mtenn< 
indicate Fe to be in metallic form. Further the 4/linc of W in Fe 2 W and the 3ds/2 
Mo in FeMo also indicate the metallic nature in these intermetaUics respec 
Binding energies of core levels in the oxides and the corresponding intermetaU 
given in table la. 

Mossbauer spectra of the oxides and the corresponding intermetaUics are sh< 
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Figure 3. (u) Mo {3d) core level photoelectron spectra in FeMoO^ and FeMo, (b) W (4/) 
photoclectron spectra in Fe^W and Fe 2 WOfi. 


4a, b rcspertively. All the samples show a single quadnipole split resonance, 
lue of the isomer shift S and of the quadrupole splitting ‘Af!,’ of both the 
md the intennetallics are shown in table lb. The position of the oxides in the 
plot based on A£, and «5 clearly confirms the oxidation state of Fe as 3 + in 
*6 and as 2 + in FeMoO* respectively, both being in the high spin configuration 
et al 1965). xps results thus support the Mossbauer results. It should be noted 
Dsstouer studies on Fe 2 W 06 have been reported for the first time Fe 2 W 06 
of hexagonal close packed planes of 0^~ anions in which only half the 
ral sites are occupied by the metal atoms. Fe or W and the resulting octahedra 
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Tabic 1 (a). Core-level bidding energies of the oxides and the intermeta 


Sample 

Fe(2p3/2) 

aE(eV) 

Fe(3s) 

Splitting 

(eV) 

Mo(3(is/2) 
B.E. (eV) 

yfWvi) 
B.E. (eV) 

0(U) 

B.R (eV) 

FejWOfi 

7100 

6-5 

_ 

35-3 

5301 

FejW 

706'5 

— 

— 

31-0 

— 

FeMo 04 

709-2 

4-6 

232-5 

— 

5308 

FeMo 

707-9 

— 

228-2 

— 

— 


B.R = binding energy 


Table 1 (b). M5ssbauer parameters of the oxides and the intermetallics 


Sample 

Isomer 

shift* 

mm/sec 

±002 

Quadrupole 

splitting 

mm/sec 

±002 

FcjWOfi 

032 

079 

Fe2Wo.9Moo.iO<i 

038 

084 

FeMoO^ 

MO 

1-50 

FeMoo'9Wo-i04 

M2 

1*53 

FejW 

-025 

021 

FC 2 W 0 . 9 MO 0.1 

-035 

024 

FeMo 

-024 

016 

FeMoo-gWo -1 

-024 

021 


* Isomer shift values are relative to Fe metaL 


share a pair of screw edges in such a way that zigzag chains are formed parallel to 
direction (Leiva et al 1982). Thus in FciWO^ all the Fe ions are crystallograph 
equivalent. Hence the double resonance observed is not due to either iron w 
different sites nor due to iron in two different oxidation states but is a single quadn 
resonance. The small values of the quadrupole splitting further supports the argu 
since Fe^"^ ion possesses a spheric^ symmetry charge distribution and does no 
rise to interaction with the electrical quadrupole moment. The splitting is thus a 
solely by the field gradients produced by the crystal lattice around the Fe nucl 

Mossbauer studies of FeMoO^ have been reported by Sleight et al (1968) ani 
results are in agreement with these values. Increase in the electron density and ir 
gradient at the Fe nucleus, on substitution of Mo in Fe2W06 and W in Fe^ 
respectively, is indicated from the increase in the isomer shift and quadrupole spl 
values. 

Fe 2 W Mossbauer studies were reported by Nevitt et al (1964) and our values 
with the reported value. To the best of our knowledge, FeMo M5ssbauer studies 
not been reported in the literature. The negative value of the isomer shift in the c 
intermetallics indicates a charge transfer to Fe from W or Mo. Sham et al ( 
reported such charge transfer in their studies on Au alloys and intermetallics usir 
and Mossbauer spectroscopy. 




2.00 >7.00 

VELOCITY, mm/scc 


Figure 4. Fe M6ssbauer spectra of (a) the oxides, and (b) the corresponding intermetallics. 


conclusion, Fe 2 W, FcMo and substituted intermetallics have been prepared by 
ogen reduction of Fe 2 W 05 , FeMo 04 and the respective substituted oxides, 
tronic structures of both the oxides and the intermetallics have been characterised 
PS and Mossbauer spectroscopy. 
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Hydrothermal transformatioo of clinoptilolite 

M S JOSHI* and V V JOSHI 
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Abstract. Procedure for hydrothermal transformation of natural clinoptilolite at li 
described. The synthesis is carried out in the system Na 20 -Al 203 -Si 02 -H 30 . Prod 
24-168 hr runs are characterized by x-ray diffraction, IR spectroscopy, energy dis 
analysis of x-rays (edax), and electron microscopy. Presence of analdme-type and fa' 
type zeolites in the final products is established. Si/Al ratio of the final mixed phase is esi 
as 2-91. Spheroid ciyst^s of analcime, fibrous crystals of mordenite (on ai^cime), a: 
developed polyhedrd crystals of analcime-faujasite mixed phase are illustrated and det 
It is shown that crystals grow by two-dimensional nucleation mechanism. 

Keywords. Zeolite; analcime; faujasite; mordenite; polyhedral 


1. Introduction 

There are several minerals which are not directly usable in their native form. Ho' 
there is ample scope for converting them to more useful materials. Synthesis of 
useful forms of zeolites, having scientific and industrial applications, has drav 
attention of several research workers all over the world. The hydrothermal met 
principally used for zeolite synthesis and several successful attempts have been n 
this laboratory. Choudhari (1983> has effected transformation of (i) calcined sc 
into synthetic analogues of analcime crystals of spheroid and cubic morphologi 
(ii) calcined stilbite into synthetic analcime type crystak of habits tike needles, sph 
and prisms. Choudhari (1983) also transformed mineral clay into polyhedral (eul 
analcime-type, mordenite-type acicular needle and erionite-type bunched 
crystals. These two investigations were carried out at 180° and 160°C respective 
at autogenous pressure. S imilar experiments have also been successfully carried 
the transformation of mesolite. In this laboratory Joshi et al (1982a, b, 198: 
grown vzs-1,2, 3 and 4 zeolites by the hydrothermal method. Recently, we ha 
succeeded in synthesizing zsm-S and zsm-8 type zeolites. Robson and Riley (197 
reported that hecter clinoptilolite, when treated with sodium hydroxide, 
faujasite. Sudo and Matsuoka (1959) treated volcanic glass with sodium hydrox 
obtained sodalite and faujasite. Conversions of clinoptilolite and morde 
faujasite-type and p-type zeolites have been reported by Miyata and Okazaki 
Negishi and Nakamura (1970) treated clinoptilolite with NaOH-NaCl solv 
100°C and observed the conversion sequence clinoptilolite-»amorphous matei 
type zeolite-»sodalite. The present paper reports observations and results 
attempts to transform natural clinoptilolite by the hydrothermal method. 
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perimental details 

ilolite used in the present investigation was rich in calcium and had a Si/Al ratio 
Powdered clinoptilolite was calcined at 700°C for twelve hours. Structural 
j thus efiFected was ascertained with the help of x-ray diffraction. Chemical 
ition was determined by energy dispersive analysis of x-rays (edax). Calcined 
lolite, sodium hydroxide and aluminium hydroxide were taken in the ratio 
by weight with excess of double distilled water. Tetrapropylammonium 
de was used as a base during crystallization. The resulting gelling mixture had a 
1-5. This mixture was transferr^ to the Berghof autoclave, which is made up of 
stainless steel (type din 1-4571) having poly tetra fluoro ethylene (ptfe) 
ingeable liners. It can be used upto a maximum working temperature of 250°C, 
idefinite period of time. The temperature can be measured with the help of the 
thermosensor which is fixed at the centre of the autoclave. The temperature is 
d by a thermostatically controlled heating circuit with an accuracy of ± 5®C. 
ature regulation operates only when the thermosensor is connected. There is a 
cylindrical shaft with stirrer wings which can be rotated electrically at the 
speed. Stirring ensures homogeneity of the gelling mixture. Pressure is 
d by a manometer pressure gauge fixed in the lid. The pressure in our 
ents was 1000 psi, with a rupture disc to ensure that the pressure does not 
he limit of the autoclave. In the present investigation crystallization was carried 
60°C. Runs of duration ranging from 24 to 168 hrs were tried. The product 
1 at the end of each run was repeatedly washed with double distilled water, and 
5 d in an electrical oven at 110°C. Each product was then characterized with the 
x-ray diffraction, m spectroscopy and edax were done. Morphology of the 
grown was examined by a scanning electron microscope. 


f-ay powder analysis 

d d values for the final product, with the relative intensities, are given in table 1. 
lalysis shows that the synthetic product contains analcime and faujasite as the 
ases. 


rared spectral analysis 

spectra of the synthesized products were recorded with the help of a Perkin 
10 model using KBr pellets. In these spectra characteristic sorption bands of the 
unily were detected. Assignment of the infrared bands as per Flanigen et al 
)r the final product is given in table 2. 

zmical analysis 

)f chemical analysis by edax, for the product obtained at the end of a 168 hr run, 
/n in table 3. The Si/Al ratio for this product, which is the mixed phase of 
analcime and sodium faujasite, is found to be 2-91. 

dy of morphology by sem 

iple (at the end of each growth run) was examined under a scanning electron 
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^ ■ X-ray powder data for clinoptilolite trans- 
fonnation; 168 hr run 


dA 

l/lo 

Phase 

5-5912 

94 


4-8216 

28 


3-6479 

14 

/ 

3-4076 

100 


Z9214 

79 


2-7968 

13 


2-6827 

28 

a,/ 

2-498 

24 

a*/ 

2-420 

13 

a 

2-3559 

32 

_ 

2-222 

15 

a 

2-1659 

5 

a 

2-0403 

13 

a 

2-0230 

7 

a 

1-9028 

20 

a 

1-8661 

13 

a 

1-7399 

25 

a 

1-7142 

10 

a 

1-7098 

10 

— 

16865 

10 

a 

1-6639 

10 

a 

1-6156 

10 

a 

1-5951 

10 

a 

1-4796 

7 

a 

1-4447 

9 

— 

1-4135 

10 

a 

1-3576 

13 

— 


a —analcime; /— faujasite 


microscope. Crystals obtained at the end of a 48 hr run are shown in figure 1. M 
spheroid analcime crystals are obtained. Fibrous crystals of mordenite, grown 
analcime spheroid crystals, are also seen in this sem. Figure 2 shows crystals obtain 
the end of a 72 hr run. Well developed polyhedral and platy crystals are obtained 
latter exhibit growth layers. From these observations it is suggested that crystals 
by two dimensional spreading and piling of growth layers. Well developed crystal 
mixed phase of sodium analcime and sodium faujasite are illustrated in figure 3, al 
SEM (growth run 144 hr). Two polyhedral, well developed, analcime-type crysta 
shown in figure 4 (growth run 168 hr). 


3. Discussion 

Transformation of clinoptilolite has been effected to more important phases, sc 
analcime and sodium faujasite zeolites. The reacting gel mixture contains sodiui 
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Table 2. Infrared spectral assignment—clinoptilolite transformation; 168 hr 


Vibrational mode 

Frequency cm’^ 

A. Structure sensitive 
(external linkages) 

Double ring (sbu) 
650-500 

520 sh 

Pore opening 

360 wsh 

420-300 

390 wsh 

Symmetric stretch 
750-^20 

790 w 

Asymmetric stretch 
1150-1050 

11304^1 

B. Structure insensitive 
(internal tetrahedron) 
Asymmetric stretch 
1250-950 

11006 

Symmetric stretch 
750-650 

7006 

T-0 bend 

50(M20 

•4706 

H 2 O bend 

16S0s 

OH stretch 

3480s6 


sh —shoulder; wsh—weak shoulder; w—weak; b —broad; sb —strong broad; s —strong 


Table 3. Chemical analysis of clinoptilolite transformation; 168 hr run (edax) 


Element 

Weight % 
(element] 

Weight % 
(oxide) 

Atomic % 
(element) 

Atomic % 
(oxide) 

Na 

6-025 

8*122 

5-282 

7-923 

A1 

10-971 

20*730 

8-195 

20*486 

Si 

33*257 

71*148 

23*864 

71*591 


Si/Al B 2'91 (mixed phase of sodium analdme and sodium faujasite) 


1 ions with tetrapropylammonium hydroxide as an organic base. Synthesis 
Tied out in the system Na 20 -Al 203 -Si 02 -H 20 . Calcium ions are also present 
reacting gel. Crystallization of the reaction mixture could be in the system 
U 203 -Si 02 -H 20 or in the mixed system of calcium and sodium. Crystallization 
um aluminosilicate gels requires a temperature of 27S°C and about four weeks 
I the present investigation the temperature was IdO^C and, the maximum time of 
was 168 hr. Under these conditions crystallization in calcium system is not 
e. Barter and Denny (1961) have synthesized Ca-A Ca-i, Ca-J zeolites and, 
hat no significant crystallization of a zeolite phase in calcium system can occur 
12S‘’C. It is inferred that calcium ions have not taken part in the crystallization, 
e temperature was low. In the present case, sodium aluminosilicate gel alone has 
ized. Crystallinity was poor for growth runs below 72 hr. The induction period 
tallizationwa$24hr. Crystallinity was better for crystals obtained from a 144 hr 
lile good crystals were secured from growth runs of 168 far. 
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Figures 3-4. 3. SEM: sodium analcime and sodium faujasite phase weU-developed crystals (144 hr run); x45(X). 
4. sem; two well-developed crystals of analdme (168 hr run^ x 4500. 
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4. C'ooctttiioni 

Ihc prcscftcif ol tctrapropylitminonium hydroxide influences the morphology of 
crystals grown, more useful phases being produced. Crystals grow by a two 
dimensional growth mechanism. 
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Non-ohmic electric conduction in polycrystalline thulium oxide 
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Abstract. The current voltage behaviour of polycrystalline TmiOs has been investig 
77 K and 300 K to 350 K. At low voltages, the conduction is ohmic while at higher volta 
current has a quadratic dependence on voltage. The voltage Vf at which the transitio 
ohmic to non-ohmic conduction takes place changes from 180 V to 100 V as temp 
increases from 77 K to 350 K. The results are interpreted in terms of the Rose theory o 
charge limited currents (SCLC) in defect insulators containing shallow traps. 

Keywords. Non-ohmic conduction; space charge limited currents; thulium oxide; el( 
conductivity. 


1. IntroductioD 

Injection current is a powerful probe for the study of transport properties and ( 
states in insulators. Recently theoretical studies in space charge limited currents ( 
has been reported by Gould (1982) and Sharma (1982). Non-ohmic conductioi 
SCLC have been experimentally studied in GeSeGa (Mycielski et al 1982), SnO (Ag; 
and Saxena 1982), SiO^e (Herdt and Adachi 1981), Ge (Koren and Borisenko 1 
In 203 (Jain and Garg 1980), Te 02 (Jain and Garg 1979), Bi 203 (Arya and Singh 
Alvin and Sathianand 1974), Tm 203 (Zdainowicz and Zdanowicz 1979; Zdanowia 
1980), EU 2 O 3 (Nakane et al 1979), Dy 203 (Goswami and Verma 1974) and 
(Katsuta et al 1971). Electric and dielectric properties of rare earth oxide, used i 
preparation of garnets, orthoferrites and molybdates have been studied exten: 
(Brueil et al 1973; Samsonov et al 1974; Lai and Dar 1976; Koleshko and Bapusl 
1979). Electric and dielectric properties of TmiOs (bandgap 51 eV) in thin 
and pressed pellet form have also been studied (Zdanowicz et al 1980; Lai 
Ashok Kumar 1975). Since little information is available in literature on the sc 
Tm 203 we have studied the field dependent electrical conductivity in the Ag-Tm 
Ag system as a function of thickness and temperature and the possible nature of df 
has been discussed. 


2. Experimental 

Polycrystalline thulium oxide specimens in pellet form have been prepared from 
pure (JM grade) powder by pressing the powder at a pressure of (1-^-6) x 10^ kgi 
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baking them in an N 2 atmosphere at 1500 K for 12 hrs. After lapping off the 
iace layers and polishing of the pellets (cross-section area 2-3 x 10""^ m^) silver 
trodes were deposited by vacuum evaporation on all the samples using molyb- 
um as boat material at a residual pressure of 5 x 10" ® Torr to form Ag-Tm 203 -Ag 
dwich systems. The impurity contents in the starting material are listed below: 

Element Er A1 Ca Cu Fe Ni Ta 

(ppm) 100 100 1000 100 200 500 6000 

the measurements have been carried out in air. The current was measured by an 
trometer amplifier (BARcmake ea810A). Voltages upto 250 V were supplied from an 
tronicaJly regulated power supply of range 0-250 V and higher voltages (> 250 V) 
e applied by a regulated power supply of range 250-3000 V (Aplab 7341 P). The 
perature of the specimen was measured by using a precalibrated chromel-alumel 
mocouple placed in contact with the specimen. The thermocouple was connected in 
es with a high impedance panel meter of range (200 ± 0*01) mV. Sufficient time was 
wed for the constancy of the temperature of the specimen while taking observations 
ifferent voltages. The observations were repeated and found to be reproducible. The 
trical conductivity of the sample at liquid N 2 temperature (77 K) was measured by 
ping the sample holder and the connecting leads (properly shielded) directly into a 
id N 2 bath. Figures la, b show the experimental arrangements for J-V charac- 



3-4 Thermo couple. 0-9 Shllded wires. 



Figure 1. Schematic experimental set-up used for J-V characteristics, (a) at room and high 
temperatures; (b) at 77 K. 
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teristics at room temperature and above and at 77 K and are self explanatory. Figu; 
shows current density-voltage (J-V) characteristics, on log-log scale for sinte 
samples prepared at a pressure 1 x 10^ kgm/m^ and having different thicknesse: 
300 K. J varies linearly with the applied voltages upto 100-180 V at diffei 
temperatures (77-350 K) and no change in the magnitude of J is observed w’ 
reversing the polarity of the applied voltage. Hence silver contacts formed on the pel 
are ohmic. Electrical conductivity is found to vary linearly with the pressure [(1— 
X 10^ kgm/m^] applied while preparing the samples. Figure 3, on the other ha 
illustrates the J-K characteristics of one of the samples (thickness 0-8872 x 10"^ m 
different temperatures. J- V characteristics follow the same trend in samples prepare^ 
different pressures from (1^-6) x 10^ kgm/m^. 



Figure 2. J-V characteristics at 300K for pellets of different thicknesses — #2 
X lO'^m, ▲ 1-9624 x 10“01*258 x 10"^in, A1-008 x lO'^m, □ 0-8872 x 10“C 
Variation of J jV^ with at 300 K. 



N C Parakh and J C Garg 


36 



Figure 3. J-F characteristics for a pellet (5 = 0*8872 x 10* ^m) at dififerent temperatures — 
A77K,#300K,0313 K, DSSOK. (Inset) Variation of In d with 10^/7. 


Discussions 

•K characteristics (figures 2 and 3) show that in all samples at low voltages, the 
)nduction is ohmic while at higher voltages, the current has a quadratic dependence on 
ullages. It is also seen that transition voltage (Vj) varies from 180 V to 100 V as 
mpcrature increases from 77 K to 350 K (table 1). The observed o hmi c dependence of 
ectrical conductivity at low fields can be explained by the fact that in the studied 
imples bulk limited current exceeds the sclc. The plots of log J versus K" ^ are 
)und to be nonlinear (not shown) which means that non-ohmic regions in J- K curves 
in not be explained by the tunnel effect of Fowler-Nordheim type. The plots of log J 
5rsus and log (J-J©) which is the algebraic subtraction of ohmic current density 

0 from the total current density J versus have also been found to be nonlinear 
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(not shown), thereby rejecting the possibility of an explanation of J-V curves on 
basis of the Rose theory of exponential trap distribution and the Poole-Frenkel el 
respectively. Hence the non-ohniic portions of the J- F curves might be explained on 
basis of the shallow trap model (Rose 19SS), according to which current density 
given by 

J = (9/i8,eo0 F")/(85^) 

where n is the mobility, e, the relative permittivity of the medium, So the permittivit 


Tftble 1. The values of 9 and no at different temperatures 


T(K) 

Vt 

(Volts) 

8 x10’ 

Hq X 10" 

350 

100 

3-268 ±0049 

2-5228 

323 

120 

2-937 ±0059 

2-7207 

313 

135 

1-753 ±0049 

1-8267 

300 

165 

1-635 ±0.009 

2 0825 

77 

180 

1-145±0053 

1-5910 



Flaare 4. Variation of J-./o with at 300 K for peUets of different thicknesses : 
X 10-V 4 l'9624x lO-’m. 01258 x lO'^'in, A1008 x lO-’m, □ 0-8872 x lO'^m. 
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pace, s the thickness of the specimen, V the applied voltage and 

0 = (JV./N.)exp(-£,/k„r) (2) 

5 ATc is the eflfective density of states in the conduction band, Nt is the trap density 
shallow trap at energy £, below the conduction band and kg the Boltzmann 
int; it was assumed that free space charge density is negligible in comparison to 
»tal trapped space charge density (fl ^ 1). Voltage at which conduction changes 
ohmic to non-ohmic is given by (Lampert et al 1959): 

{enQS^)l{B&r^o) ( 3 ) 

e is electronic charge and Wq Ih® volume generated free carriers. 

: straight lines obtained in J-Jo versus curves on the log-log scale in the square 
igion for pellets of different thickness at 300 K (figure 4) and for a pellet of 
ess 0-8872 x 10''^ m at different temperatures (figure 5) show the validity of (1). 
:raight line (inset of figure 2) in versus g^^ph further supports the 



Figure 5. Variation of J-Jq with for a pellet of thickness 08872 x 10" at different 
temperatures — A 77 K# 300K, 0313K, □ 350 K. 
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validity of (1). The horizontal bars in the ^aph represent the errors in the measun 
of 5. 

The calculated values of 0 from (1) by the least square fit method taking 
(Koleshko and Bapushikna 1979), /x = 10" ^ m^/ V sec (assumed) are listed in tabl 
also includes the values of transition voltages (Ky) obtained from figures a: 
calculated from (3). 

The plot of In 0 versus lO^/T has been represented in the inset of figure 3 \ 
horizontal bars represent the errors in the measurement of temperature. Assuminj 
Nc and are not strong functions of temperatures, the intercept at lO^/T being 
to zero yields as ratio Nc/Nt = 1-8 x 10" ^ which on substitution in (2) gives a trap 
at a depth of 0-12 eV below the conduction band. 


4. Conclusions 

The quadratic dependence of current density on voltage {J ocV^)m the non-o 
region of J-K characteristics in polycrystalline Tm 203 at different temperature 
been interpreted in terms of sclc in defect insulators containing shallow traps v 
exist at energy level ^ 0*12 eV below the conduction band. 
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Pressure dependence of electrical resistivities of some charge 
transfer complexes 
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Abstract. The electrical resistivities of organic charge transfer complexes 
dithionaphthalene-iodine (1:1), anthracene-trinitrobenzene (1:1), pyrene- 2 l 2 and bei 
TCNQ (dichloromethane) have been studied upto 2-8 GPa pressure. An increase in the e 
resistivities shows that the conduction is due to a hopping mechanism involving localize 
near the band edges or is trap-limited. Pressure can increase both the density of deft 
intermolecular orbital overlap as opposite effects. 

Kesrwords. Charge transfer complexes; electrical resistivities; hopping conduction; tra 
density of defects. 


1. Introduction 

Recently an increase in the electrical resistivities of some inclusion compounds of 
at high pressures has been reported (Oza 1980,1982, 1983,1984). The increase 
electrical resistances of the samples was attributed to either the localizatioi 
the band edges (Oza 1982,1984) or localization associated with the traps (Oza 19 
the present work the pressure dependence of the electrical resistivities of four < 
transfer complexes called dithionaphthalene-iodine (1:1), anthracene-trinitrob< 
(1 : 1), pyrene-2l2 and benzidine-TCNQ (dichloromethane), where tcnq = 7,7 
tetracyano-p-quinodimethane, has been reported to have similar nature which 
that the suggested conduction mechanism is not limited only to the inc 
compounds of iodine. 


2. Experimental 

Dithionaphthalene (dtn) was prepared by a direct reaction between sulphi 
naphthalene in dimethylformamide medium as described in details elsewhere (Oza 
The chocolate-brown coloured dithionaphthalene and iodine were sublimated i 
sublimation growth tube to interact with each other in the vapour phase a 
crystalline complex was collected on a glass rod as substrate. Blue needles of dime 
3-0 X 10 X 0-1 mm^ having a metallic sheen were collected from the deposited cc 
and washed in toluene for removing imreacted iodine. Anthracene- tnb 
(tnb = trinitro-benzene) was prepared from a mixed solution of anthracei 
trinitrobenzene as per Foster (1969). The scarlet coloured complex was crystallize 
dimensions 4-0 x 2*0 x 0-1 mm^ using an evaporation technique. This anthrace 
complex is reported to have high mobility. Pyrene-2l2 the blue semiconducting c< 
was prepared by evaporating the mixed solution according to the method discu 
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indeur and Hall (1961). It is a well-known organic semiconductor (Singer and 
andeur 1961). 

solvent-included clathrate benzidine- tcnq (dichloromethane) was prepared by 
hot solutions of benzidine and tcnq in dichloromethane (CH 2 CI 2 ) ^ equimolar 
don. The solvent molecules are found to be accommodated in the channels 
1 the stacks in this complex (Ikemoto et al 1972; Kuroda 1976). 
dectrical resistivities upto 8 GPa pressure were determined using a Bridgmann 
)paratus, constant current source and a d.c. null detector. The sample-electrode 
s were found to be non-rectifying and the contact resistances were much lower 
5 high resistances of the single crystals of the complexes. Various tests failed to 
)nic conduction. 


suits 

Dm temperature resistivity of the chocolate-brown dithionaphthalene single 
along the long direction of growth was found to be p = 10^-10'^ ohm-cm. The 
ty at 1000 Hz was p^^ = 10^ ohm-cm. Thus the electrical resistivity of the donor 
IS in the semiconducting range. The room temperature resistivity in the needle 
n of the crystals of DTN-I 2 (1; 1) complex was 4*8 x 10® ohm-cm. This resistivity 
i by two or three orders of magnitude. Anthracene- tnb (1:1) crystals had d.c. 
ty of about 2*0 x 10® ohm-cm and a.c, resistivity (at 1000 Hz) of about 10® ohm- 
; crystals were cut and mounted on the anvil so as to measure the electrical 
DCS along this direction. The electrical resistivities of pyrene-2l2 crystals lie in the 
f 10-50 ohm-cm (Oza 1980; Kommandeur and Hall 1961). At 1000 Hz the 
ty dropped by two or three orders of magnitude. The benzidine- tcnq (CH 2 CI 2 ) 
1 complex indicated electrical resistivities of the order of 10® ohm-cm in the 
polycrystalline pellets prepared at 2-5 x 10® Pa of pressure. This complex was 
at high pressure in the form of pellet only. 

crease in resistivities at high pressure is found for all the materials (figures 1-5). 
:trical resistivity increased from 1*2 x 10® ohm-cm to 2*0 x 10® ohm-cm for 
phthalene crystal when the pressure was increased from the atmospheric 
to 1*8 GPa. There is complete round-off in the resistivity vs pressure curve in 



Figure 1. Pressure dependence of electrical resistivity of dithionaphthalene. 
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Figure 2. Pressure dependence of electrical resistivity of dithionaphthalene-iodinc ( 
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Figure 3. Pressure dependence of electrical resistivity of anthiacenc-trinitrobenzent 

this pressure range (figure 1). The DTN-I 2 (1*1) crystals showed similar beha 
(figure 2). In both the materials the resistivity dropped after a rrap of aturatior 
crystals of anthracene *tnb (1:1) and pyrene- 2 l 3 complexes exhibited slightly dif 
modes of increase in the electric^ resistivities at high pressure (figures 3,4). A resi! 
peak around 4 GPa was found for anthracene-TNB and around 2 GPa for pyren 
The resistivity increased at lower pressures in the case of anthracene- tnb w. 
dropped in pyrene-2l2. The resistivity vs pressure curve for benzidine-TCNQ (Ct 
pellet is a complete round-off like amylose-iottoe (Oza 1983) with the max 
increase in the resistivity of one order of magnitude (figure 5). The increase 
resistivities of about 6-12 for benzidine-TCNQ (CH 2 CI 2 ) and pyrene-2l2 were foi 
be comparatively larger than that of anthracene-TNB and otn-Ij. 


4. Discussion 

There are two possibilities regarding the conduction mechanism in the^ com. 
Either there is thermally-activated hopping near the band edges or there is trap-1 
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Figarc 5. Pressure dependence of electrical resistivity of beozidine-TCNQ (dichlorometbane). 

tion. Both the models can explain the increase in the resistivities at high pressures 
: Arrhenius-type temperature dependence of the resistivities of the charge 
' complexes studied in the present work, and the inclusion complexes of iodine 
182, 1983). In the first mechanism of conduction it is possible that the charge 
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carriers are excited across a large band gap preceded and followed by the he 
motions among the localized states near the band edges, i.e. far away from the 
level (Mott 1969). On the other hand, the trap-limited mechanism explah 
saturation of electrical resistances of the samples at high pressure as traps arc lim 
number and excess electrons then contribute to conduction. The saturation of ele 
resistances at high pressures also reveals that the depths of the traps rather th. 
density of the traps increase more effectively under pressure. A transition in the tra 
probability when a large group of traps crosses the Fermi level is a consequence 
change in the depth of the traps and contributes to the saturation of ele 
resistivities at high pressure (Oza 1983). The saturation ranges of dtn and 
crystals in the present work can be ascribed to these factors while the decrease 
resistivities of all the materials in the high pressure range can be attributed 
averaging over the specific directions due to increased dimensionality of elec 
transport at high pressures. 

Organic donors are generally electrical insulators. However, some like tetratl 
racene (ttt), violanthrene, etc. are electrical conductors while pyrene and 
conduct at high pressures (Perez-Albueme et al 1971; Drickamer 1965). i 
semiconducting like ttt. The electrical conduction in these donors with su 
bridges seems to be mainly due to the proper columnar stacking of the molecule 
small stacking distances arising put of the attractive dipole-dipole interaction b< 
neighbouring molecules with large dipole moments. There are two C-S bonds i 
molecule of dtn; a C-S bond has a large dipole moment of about 3 0 Debye 
increases molecular polarizability (Ferguson 1973). The increase in the ele 
resistivity of dtn at high pressure shows the disordered nature of these molecular: 

The similarity between the resistivity vs pressure curves for dtn and DTN-I 2 
that the major conduction remains along the dtn stacks in the DTN-I 2 complex, 
increases the density of free charge carriers in the conduction band and therefore 
the electrical resistivity of dtn in DTN-I 2 as it usually occurs in charge transfer con 
(Perlstein 1977), but it also increases the density of trap-levels due to the diso 
nature of iodine chains which is usually found in iodine complexes (Saenger 
Because of this, the resistances of DTN-I 2 samples increases further at high pressu 
the trap levels are filled and saturation occurs only when many charge carri< 
trapped. 

On the other hand in anthracene- tnb, traps most probably lie deep in the for 
gap since it requires high pressure to increase the resistivities sipiificantly. 
consistent with the large band gap. The high mobility of anthracene-TNEfoun< 
earlier study reveals that the conduction is not due to the excitation of charge ( 
across a well-defined gap but is some type of hopping conduction or is gover 
traps. 

Pyrene-2l2 is a highly conducting compound in the present series and is a well- 
semiconductor with a small band gap of 01 eV (Singer and Kommadeur 1961). I 
clear that pyrene stacks conduct and iodine simply removes a partial charge fro 
pyrene molecule. The electrical resistivity of pyrene-2l2 is found to drop al 
pressure, this may be related to the fact that the electrical resistivity of pyrene is f< 
drop at high pressure (Drickamer 1965). A comparison of the data of dtn and 
with these results implies that iodine only modifies the disorders along the dtn si 
increases the density of traps while in pyrenc- 2 l 2 the conduction is limited by tl 
introduced by iodine only. Finally, there is a large increase of about one 0 
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iide in the resistivity of pyrene- 2 l 2 under pressure which is most probably the 
Df additional localization near the band edges separated by a small forbidden 
gap. The increase in the density or depth of traps is limited by the small band gap. 
ebenzidine-TeNQ(CH 2 Q 2 )inclusion complex, the major conduction is along the 
Ine stacks and the environment of these stacks is disordered in nature because of 
ikly bonded disordered sub-lattice of the solvent molecules. The resistivity vs 
e curve on the polycrystalline pellet studied here is very similar to that of 
e-iodine (Oza 1983). The anhenius-type temperature dependence at three 
d pressures clearly discards the possibility of any change in fte density of traps 
applied pressure (A T Oza, A K Bandyopadhyay and S V Subramanyam, 
ished results). Thus pressure enhances the effect of trapping only by increasing 
ths of the traps. The electronic wavefunctions sharply cut off for deep-lying traps 
refore, the degree of localization of a trap depends on its depth from the band 

lectrical resistivity of several charge transfer complexes increases with pressure 
2 Gpa and decreases at higher pressure. Such a behaviour can be also a 
lence of two opposite effects. Pressure increases both the density of defects and 
[molecular coupling (Drickamer 1965). The increase in defects can be due to 
on of defects by plastic deformation (Schnaithamann and Wolf 1965). The 
1 resistivity increases due to increase in the density of defects at high pressure 
is overcome by a decrease in the resistivity because of the strengthening of 
lecular coupling at still higher pressures. 

iresent work also reveals that the observed pressure dependence is not only 
o the inclusion compounds of iodine but is also a characteristic of anthracene- 
izidine-TCNQ (CH2Q2) and dtn itself in which the ionic mechanisms of 
ion are less likely. It also proves that this pressure dependence of resistivity is 
lent of the interactions ta^g part in complex formation and is a characteristic 
of the disordered organic semiconductors both with and without significant 
ransfer. 
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Abstract. The influence of incident beam divergence on the length of the streak inti 
by the Ewald sphere is considered, as a relp HK’L of a faulted hexagonal crystal, i 
about its c-axis on the goniometer head attached to the ^>-circle, is brought into di] 
condition for the bisecting setting of a 4>^rcle diffractometer. For the special crystal m 
correction factors required to convert the measured intensities corresponding to a fixe 
of the streak are derived. A procedure for experimentally verifying the mathematical a 
employed in these derivations is also presented. 

Keywords. Incident beam divergence; diffuse streaks; Ewald sphere; crystal orient 


1. IntrodoctioD 

A statistical distribution of planar defects such as stacking faults in close-) 
structures is known to give rise to characteristic diffuse streaks along certain red 
lattice rows parallel to the stacking axis. The theory of diffraction from rando 
well as non-randomly faulted close-packed structures is reasonably well unde 
and from a comparison of the theoretically predicted diffraction effects with 
experimentally observed one can study not only the nature, distributio 
concentration of stacking faults (Pandey and Krishna 1977) but also the mechai 
phase transformation occurring as a result of insertion of stacking faults (Pand' 
1980; Lele and Pandey 1985). Such a study requires an analysis of the cont 
intensity distribution along the streaked-reciprocal lattice rows. Using single 
intensities, it is possible, in principle, to match the experimentally observed in 
distribution along the streak with that calculated theoretically for a model postul 
certain random or non-random distribution of faults in the structure. An anal 
this type can provide information about the defect structure much in the same 
the analysis of Bragg intensities in the determination of regular structures. He 
there are special problems stemming from several factors, like incident 
divergence, polychromaticity of the x-ray radiation, finite detector slit and instru 
resolution function, in the measurement of the intensity of diffuse streaks using i 
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liflFractometer. A proper understanding of the influence of these factors on the 
d intensities and the application of the corresponding correction factors 
specification of the diffraction geometry. In the present investigation, we 
: the influence of the incident beam divergence for a hexagonal crystal oriented 
s c* axis on the goniometer head. The divergence correction factor for c-axis 
ig is worked out for the bisecting geometry . An experimental verification of the 
atical approach employed in deriving the divergence correction factor is also 
d. 


srence system and crystal orientation 

insider a Cartesian coordinate system XYZ attached to the diffractometer such 
+ ve .Y-axis is directed opposite the incident beam from the centre of the 
iter, the Z-axis is directed upwards along the co-axis and the Y-axis completes a 
tided set of axes. This reference system is identical to that used in the cad4- 
iiffractometer. Consider a hexagonal crystal which has been oriented about its 
•n the goniometer head attached to the 0-circle of the diffractometer by means 
niometer arcs such that the reciprocal lattice vectors [HX*0]*, [H'X'-O]* and 
, where H = — H' — 2K\ K = 2H' -I- K\ form a right handed Cartesian system 
coincident with the Y, Y and Z-axes of the laboratory frame when all the 
meter angles are zero. The diffractometer angles x, 0 and co required to bring a 
al lattice point (relp). HK-Lin diffracting condition for the bisecting geometry 
are given by: 

Zb = sin- * (C/d*) = cos-1 (C/d*); </, = 90°, 

CO = 0 = sin- * (kd*/7), where 

C = Lc*, { = (H^ + HK + K^y^a*, and d* = (C^ + C'^f^ (1) 


asurement of the intensity distribution along the streak 

s of the continuous variables hi, hj and (= C/c*) along a*, b* and c* 
al axes, the diffracted intensity from a faulted close-packed crystal with a repeat 
)f n-layers is given by (Wilson 1942): 

+ CD 

= 1*2) I] J„exp(2itimC/nc*) ( 2 ) 

ffl* — 00 

'll, hj) is a function of hi and hi which vanishes except when hi = H, /12 = K, 
\ and K are the hexagonal indices with integral values. J„ is the average of the 
)f the structure factor of a pair of layers separated by m layer-spacings. 
evident from (2), one should ideally measure intensities at equal intervals along a 
5cted reciprocal lattice row integrated over the width of the reflection in the a* 
directions in reciprocal space. This cannot be achieved by either of the 
ional ca-fl and co-20 scans except at L = f = 0 using a)-20 scan for 
1 conditions of perfectly parallel and monochromatic x-rays incident on a point 
One therefore employs the stationary crystal-stationary counter method to 
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measure the point intensities at equal intervals along the HK L row. In this m 
slight divergence has to be introduced in the incident beam to cover the mosai( 
of the crystal. This causes the surface of the Ewald sphere to have a finite thicki 
the length of the HK-Ltov/ intercepted by it will depend on the inclination of 
with respect to the Ewald sphere; the latter changing with C- The counts record 
particular setting give a value [/(O dC where the integration is over the length I 
streak intercepted by the Ewald sphere. Thus the recorded intensities at variou 
along the streak correspond to variable portions of the streak. However, if we di 
measured intensities at each point by the length of the streak intercepted at thi 
we shall obtain intensities corresponding to a fixed length of the streak. The n 
for such a correction factor was first realised by Pandey and Krishna (19T 
measuring the intensity distribution along streaked rows of a disordered 
crystal. It should be noted that due to the inherent beam divergence, this prob 
also be encountered in the scan-methods, although the correction factors w 
different. 


4. Derivation of the divergence-correction factor 

In this section expressions for the length of the streak (AC), intercepted by 
extremes of the continuous range of Ewald spheres, will be derived for two ( 
case I, the streak intersects both the inner and the outer extremes of the Ewal* 
while in case II the streak is considered to be tangential to the inner extrem 
Ewald sphere. In the latter case, the effective divergence becomes less than tf 
divergence. 

Case I: Let X|, yt, Z| be the cartesian coordinates of a relp. HK ■ L lying in a vertit 
of a hexagonal crystal in its ‘standard-orientation’ on the diffractometer. If the i 
oriented about its c-axis on the goniometer head with the help of the goniom 
then Xj = C. y( = 0 and Zj = C- These initial coordinates C, 0, C transform to j 
when the relp HK-L is brought into a diffracting condition, through the f 
transformation matrix (J7) 


R = 


(cos <f)B cos (Og - 
sin<^B sincog cos;^^) 
— (sincog cos^g + 
cos ©g sin (^g cosxg) 


sin</»gSinxB 


(cos©g sin<^g + 
sin ©a cos^^g cos^s) 
(—sin(/>g sin©g -1- 
COSl^g COS©g COSXg) 

-cos <t>B sinxB 


sin ©g sin 
cos©g sin 
cosxa 


Thus the final coordinates Xf, y/, Zf will be given by 

Xf = C(cos(/igCOS©g -sin0g sin©g cosXg) + Csin©g sinxg 
= -C(cos 4>b sin + sin <^b cos©g cos Xb) + Ceos©g sin Xg 

Zf = (Jsini^gSinXfl+CcosxB 

Let /i and v be the horizontal and vertical divergences in the incident beam, 
coordinates of the centers C and Ci (the middle and one extremity of the cc 
range of Ewald spheres) can be written as 1 0,0 and 1/A, /i/A, v/A respect 
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ms of the Ewald spheres with centres at C and Ci can be written as 


(5) 

( 6 ) 


;lp HK-L has been set to be in diffracting condition for the sphere centered at C 
>in (4) and (S), we have on simplification: 

^ sin sin Xa ~ 2<5 (cos <^3 cos coj—sin sin eog cos Xb) + * = 0 

(7) 


vith the relp HK-L, another relp HK-Li will be lying on the Ewald sphere 
i at Cl for the same setting of the crystal. Hence from (4) and ( 6 ) we have on 
»tion: 


2 Ci 2 Ci (sin 0)3 sin Xb + ficos 0)3 sin Xa + v cos Xb) — 2 ^ [cos ^3 cos CO 3 
— sin ^3 sin cOg cos Xa — At(sin coa cos <^3 + sin <f>a cosCO 3 cos Xa) 

+ V sin ^3 sin Xa] + ^ = 0 ( 8 ) 

jth of the streak, intercepted by the Ewald sphere when the relp HK-L is in 
ng condition will be given by Af = (Ci — C) which can be determined using ( 7 ) 
as under 


2(2( + AC)AC— 2 Afsinco 3 sinxB—2(C+AC)(/i cos 0)3 sin Xb 
+ vcosX b)+ 2 {[/i(cos <t>Bsm (Og + sin <f>g cos ©3 cos Xb) 
-vsin«^»BsinxB]+A<V2 + vVA = 0 (9) 

ting for <f>a and ©3 from (1) in (9) and ignoring second order terms, we have 


f (vsin Xb -/<cos fl cos Xa) - C(^cos 0 sin Xb + vcos Xa) 

(AC-sin0sinxB) ' ^ ’ 

n ( 10 ) can be further simplified by making substitutions from ( 1 ) and the 
id expression for is as under 

AC = lid^cot 9-cosec Xb = AiCcotfi-cosec^Xs (H) 

ns ( 10 ) and ( 11 ) are thus the desired expressions for the correction factor for 
nounting under consideration. It is interesting to note here that the vertical 
ice has almost no mfluence on AC. Equation ( 11 ) can also be written in the 
ig form; 

/i = Afl ( 12 ) 

om Bragg's equation, we know that 

A9 = (AC/C)tanesin^Xfl (13) 

The intersection points HK-L^ and HK-L~ of the streak with the inner 
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Ewald sphere centered at C can be determined by solving (7) and are given b< 
='y[sincoj sinxj,± {sin^Ofl sin^x, +2A(S(cos<^a cosodb 

A 

-sin <^Bsin ©bCos Xb) 

For the streak to be tangential to the inner sphere C'*' — =0 i.e., 

sin^ cub sin^ Xb + (cos 4>b c®® ~ si® si® o^b cos Xb) — = 0 

On making substitutions from (1), (IS) simplifies to 

sin^ 6 sin^ Xb = 0 
i-C- Xb = 0, since 6^0 

This implies that the streak is tangential to the inner sphere for Xb = 0, i.e. fc 
HK •0{H — K^3N;N any integer) reflection. The length of the streak intercep 
the continuous range of Ewald spheres when the relp HK • 0 is brought into diffr 
condition can be evaluated by finding out the roots C t, and C T, of (8) in conjunctio 
the condition given by (16). Substituting Xb = ^ ^b = ~ 90° in (8) we get 

ACj-2vCj -2f(sinc0B+/icost0B) + 'lf^ + ^ T~ ^ 

The roots Ci", and Ci, of this equation are 

f iV = j [V ± (2/isin 2^0 -W 

where 0o >s the Bragg angle for an HK • 0 refiection. 

Thus the correction factor AC, = f — Cft for the relp HK • 0 will be given 1 

It is evident from the foregoing that for all HK - L relps with C lying in the 
C< C < Cr,. the streak will no longer intersect the Ewald sphere centered at < 
implies that the effective divergence is now less than the actual divergence. Her 
not possible to use (10) or (19) as the correction factor for HK • L relps with C 
lying in the range C^; < C < Cr,. or corresponding Xb lying in the range Xi, < Xi 
even if one uses slits wide enou^ to record the entire streak intercepted by the 
sphere. It is interesting to note that the vertical as well as horizontal divergence i.' 
fi fix the limits C iT, and Ci] of the bad region for data collection. 


5. Influence of azimuthal rotation on the intensity of diffuse reflections . 

During the collection of intensity data for diffuse 10 ■ L reflections of a faulted 
crystal, an anomalous continuous variation in the intensity was observed by 
and Krishna (1977) on rotating the crystal through different azimuth angles (^) 
the scattering vector. The total number of counts changed by as much as a fact 
for the saitift 10-L reflection. Any change in the intensity of a reflection 
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hal rotation of a normal crystal is usually attributed to change in absorption, 
opic extinctions and multiple scattering. However, none of these can account for 
je ccMitinuous variation in intensity. It was also reported that the fault-unaffected 
eflections like 11 ■ L showed only a small variation in intensity which could be 
ted to diCFerences in absorption and other usual factors. Photographic records of 
reflection taken for different ij/ revealed that different amounts of streak were 
;d at different azimuth settings. This implied that the length of the streak along 
L row intercepted by the Ewald sphere changes with ^ on account of the 
t beam divergence. The mathematical treatment given in the previous sections 
used to calculate the length of the streak intercepted by the Ewald sphere on 
1 rotation of a disordered crystal. 

is consider a disordered hexagonal crystal mounted about its c-axis on the 
eter head of the diffractometer such that the vectors a*, b and c* form a right 
cartesian coordinate system. To simplify the mathematical treatment, we shall 
e the length of the streak (AO intercepted by the Ewald sphere for a lOO 
m as a function of the azimuth angle For the crystal orientation under 
ration, 10*0 reflection is an ‘equatorial reflection’ since Xb = 0* ^or an equatorial 
m the diffractometer angles in the general setting ^ 0) are given by the 
ig equation 

X = ±^><#> = <#>bT 90 and co= ±90 + 0 

'), we know that — 90°, and hence the diffractometer angles will be given 
ng lower sign): 

X = 0 = 0, and CO = -(90-0) (20) 

iting for Xi 0 ^^nd co from the above equation in (9) we get after simplification 
A(2C + AO AC — 2ACcos 0 sin 0 — 2 (C + AC)(—/isin 0 sin 0 + vcos 0) 
-2f/icosfl + y+ y = 0 . 

lO'O reflection, C = 0. Putting C = 0 &nd ignoring the second order terms, we get 
red expr^sion for AC which gives the length of the streak intercepted by the 
phere for the lO'O reflection, as a function of the azimuth angle ip 

AC = /iCcosec^ (21) 

ive equation is not valid for xi = -^) values lying in the range xt<X< Xi, 
1 , and X\, correspond to Cij and C i, given by (18). This is because the crystal 
.nts during azimuth rotation around the [lO’O]* scattering vector and during 
collection under bisecting geometry for various relps along the 10. L reciprocal 
)w are identic^ for the crystal mounting under consideration and therefore the 
divergence will be less than the actual divergence in the region y i'' < y < y T 
invalidating the applicability of (21). ' 


perimental ver^ication 

to verify the conectaess of (21), which will in turn validate the math^maHral 
It employed for deriving the divergence correction factors, a 2/f-SiC crystal 
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was mounted on an Enraf Nonius 4-circle single crystal diffractometer. The cryst 
needle-shaped, approximately O S mm thick at the base and about 1 mm in lengtl 
crystal was annealed for 16 hr at 2273 K in vacuum and had transformed pa 
towards a 6H{ABCACB ,...) structure. This transformation is known to comi 
with a non-random insertion of layer displacement faults giving rise to sharp as' 
diffuse x-ray reflections superimposed on characteristic diffuse streaks on the 
diffraction photographs (for details, see Pandey 1981). To collect the intensity da 
crystal was oriented about its c-axis on the goniometer head attached to the (f> 
using the goniometer arcs. In the standard orientation of the crystal the a*^b i 
vectors formed a right handed coordinate system coincident with the coordinate s 
attached to the diffractometer. Sharp reflections with If — X = 0 mod 3 were u 
define the orientation matrix and the following hexagonal cell parameters 
obtained after refinements: 

a = 3-0763 A; b = 3-0763 A; c = 5-0480 A. 

Filtered MoKa^ radiation was used to record the intensity diffracted by the crysts 
incident beam divergence was fixed by a collimator hole of 0*4 mm and collii 
crystal distance of 47 mm. A wide slit with horizontal and vertical openings of 
2 mm respectively was used in front of the detector at a distance of 173 mm frc 
crystal. 

The relp 10-0 can be brought into diffracting condition by adjusting the 0 
values corresponding to Xb 0 and = —90® in the bisecting geometry. Wl; 
crystal was rotated about the scattering vector [lOO]*, the c*-direction was 
contained in the plane of the x-circle with diffractometer angles given by (20). F: 
depicts the observed variation in intensity of the 10-0 reflection for azimuthal ro 
at steps of = ± 5°. ^ values beyond ± 60® where inaccessible on the diffractc 
Figure 2 depicts the variation in intensity of a 11-0 reflection, which is not affe< 
faulting for a similar azimuthal rotation. It is evident from figures 1 and 2 that tt 
anomalous variation in intensity is confined only to fault-affected reflectior 
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Figure 1. Variation of intensity of the 10 0 reflection of a disordered 2H-SiC cr 
function of the azimuth angle ^ on rotating the crystal about the scattering vect 
circles correspond to the observed anomalous variation while open circles correspc 
variation after the application of the divergence correction factor. 
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Figure!. VariadoD of intensity of the 11-0 reflection of a disordered 2H-SiC crystal as a 
funcdon of the azimuth angle ^ on rotating the crystal about the scattering vector. 


ce in intensities for positive and negative values of ^ must be attributed to 
ce in absorption. The variation in intensity of the 100 reflection after dividing 
erved intensities by cosec ^ is also given in figure 1. A comparison of the 
d and corrected intensities given in figure 1 shows that except for the region 
; ^ < +15°, the correction factor given by (21) works remarkably well. The 
-10° ^ +15° actually corresponds to the situation for which the effective 

ice is less than the actual divergence discussed earlier. The exact limits of this 
ion can be calculated from (18) on substituting the following constants: 

do = 7-65“; ^ = V = ^ = 0-0085 rad; A = 0-71069 A. 

es us the limits for bad region as —0-0817 < C < 0*1056. This can be expressed 
i of the x-^gle for the crystal orientation under consideration using (1). The 
) obtained are -12*27° ^ < 15-71° which is in very good agreement with the 
f the region for which the correction factor given by equation (21) does not 


cossion 

dent from the foregoing that the extremely large observed variation in the 
y of the 10-0 reflection on rotating the crystal about the scattering vector, is due 
tions in the length of the streak intercepted by the Ewald sphere for different 
if \l/. On dividing the observed intensity by the length (AC) of the streak 
•ted at that azimuthal angle, one obtains very sn^ remnant variations in the 
y of the 10-0 reflection which can be attributed to change in absorption due to 
jular shape of the crystal. However, the application of the propos^ correction 
C, in converting the observed intensities corresponding to variable values of AC 
sides corresponding to a fixed length of the streak, is based on an implicit 
tion that the intensity does not vary significantly along the length of the streak 




Intensity of diffuse streaks 


intercepted i.e., 

/dC=/-AC 

For the crystal under consideration, the 10*0 reflection is not broadened by the pr 
of layer displacement faults (for details, see Pandey 1981) and hence the 
approximation is valid. However, for measured intensities at other points alo 
streak, one must take into account the dependence of / on C. This requires conside 
of another correction factor, which can be treated as a parameter to get the 1 
between the observed intensity distribution and those calculated for a proposed 
of disorder. 
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Spin wave contribution to the specific heat of ferromagnetic terbinn 
at low temperatures 
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Abstract. The magnon contribution to the specific heat of ferromagnetic terbium 
evaluated and the results are compared with the measurements from 90 K down to absolu 
zero. 

Keywords. Spin wave contribution; specific heat; magnon contribution; fenomagne 
terbium. 


Recently there has been a spurt in studies on heavy rare earth metals because of t 
magnon-phonon interactions observed in them. The phonon dispersion relations 
terbium have been investigated by Houmann and NicUow (1970) and by Menon a 
Rao (1972). The magnon dispersion relations have been measured by Moller et 
(1968). In this paper we report the magnetic specific heat of terbium from 90“ K down 
absolute zero. 

The total energy IJ„(T) of the spin waves which are excited at a temperature 2 


given by 



EgiE)dE 

Exp(£/Kr)-1 


where g (£)d£ is the number of magnons in the raergy interval £ and £ + d£. 1 
energy density function has been obtained by makmg use of the measured 
relations of Moller et al (1968) and the normalized energy density function 0 (£) 
been divided into steps of 0-3 meV. The integration has been done usmg the numer 

integration method on besm-6 computer. A direct differentiation of (l)withr«pect1 
wiU therefore yield the magnetic specific heat CJT) of the material due to 
excitation of the spin waves at-that particular temperature. The resultant expressio 
used to evaluate the magnetic specific heat of terbium in the temperature range 

90°IC u* 

Figure 1 shows the temperature variation of the magnetic specific heat of terbi 

The soUd line is the theoretical curve and the dark circles are the expenmentid va 
obtained by Brooks et al (1968) from the experimental date of Jennmgs et al £. 
Upto 20 K, the agreement between the calculated and observed values is ex«l 
sTtween 20 K and 65 K the experimental values are ireTeher 

calculated ones. Between 75 K and 90 K the K when 

the present calculated values. The maximum 

deviation is about 28%. The origin of the disaepancy between theoretical an< 



) 


C S Menon 



Figm 1. 

erimental results above 7= 20K may be attributed to the assumptions made 
ing the analysis of the experimental data. 

t may be mentioned that in the analysis of the specific heat of many of the rare earths, 
dous workers (Lounasmaa 1966; Lounasmaa and Sundstrom 1966,1967) had to 
ce fairly drastic assumptions concerning the phonon contribution to the specific 
t. As an approximation, they assumed that both the magnetic and the nonmagnetic 
vy rare earths have the same lattice specific heat. Hence a thorough reanalysis of the 
ihc heat data of the rare earths is useful 


iDowledgement 

author would like to thank Prof. S C K Nair for his encouragement. 


erences 

Ics M S, Goodings D A and Ralph H 1 1968 J. Phys. Cl 1596 

nano J C G and Nicklow R M 1970 Phys, Rev. B1 3943 

ings L D, Stanton R M and Spedding F H 1957 J. Chenu Phys. 27 909 



Specific heat of ferromagnetic terbium 

Louoasmaa O V 1966 Phys. Rev, 143 399 

Lounasmaa O V and Sundstrom L J 1966 Phys. Rev. 150 399 

Lounasmaa O V and Sundstrom L J 1967 Phys. Rev. 158 591 

Menon C S and Rao R R 1972 Solid State Commun. 10 179 

Moller H B, Houmann J C O and Mackintosh A R 1968 Appl. Phys. 39 807 




Bulletin of Materials Science 


Volume 7, January-December 1 


SUBJECT INDEX 


Activation energy 

Diffusion in metallic glasses 3 

Characterization of deep levels in safiiMnsulating 
gallium arsenide 57 

Active MnO 

Low temperature stabilization of pufti MnO 459 
Adsorption 

Charge reversal in cadmium sulfide in diffusion 
controlled pattern formation process in agar gel 

105 

Agar gel 

Charge reversal in cadmium sulfide in diffusion 
controlled pattern formation process in agar gel 

105 

Alkali halides 

Thermoluminescence of alkali halides doped with 
alkaline earth impurities 427 

Alkaline impurities 

Thermoluminescence of alkali halides doped with 
alkaline earth impurities 427 

Amorphous semiconductors 
Study of impurity induced modifications in amor¬ 
phous N-type (GeSea.slioo-xBi* using high pre¬ 
ssure technique 423 

Analcime 

Hydrothermal transformation of clinoptilolite 

475 

Antithrombogenicity 

Fig tree sap: antithrombogenicity on nylon 
surfaces 75 

Auger recombination 

Auger recombination rate in quantum well lasers 

149 

Band theory, s^d electron transfer 
Band theory analysis of shock velocity-particle 
velocity relations for metals 377 

Blood compatibility 

Radiation-indued modification of polyurethane 
with hydroxyethyl methacrylate: blood com¬ 
patibility 71 

Trypsinated (emmobilized) nylon surfaces: 
antithrombogenicity 79 

Cadmium phosphate 

Preparation and characterisation of CdaPj, II-V 
group compound semiconductor 51 


Cadmium phosphide 

Preparation and characterisation of Cd 3 
n-V group compound semiconductor 
Cadmium sulfide 

Charge reversal in cadmium sulfide in dif 
controlled pattern formation process in ag 

Cation interdiffusion 

X-ray diffraction study of cation interdiffu 
mixd UO 2 -PUO 2 compacts 

Chalcogenide glasses 
Effect of high pressure on chalcogenide gl 

Study of impurity induced modifications in 
phous N-type (GeSe 3 . 5 )ioo-*Bi* using hii 
ssure technique 

Charge reversal 

Charge reversal in cadmium sulfide in di 
controlled pattern formation process in a 

Charge transfer complexes 
Pressure dependence of electrical resistiv 
some charge transfer complexes 

Chemically deposited CdS films 
Thickness dependent properties of 
chemical-photovoltaic (ecpv) cells fomu 
chemically deposited CdS films 

Cobalt 

Self diffusion studies on cobalt thin film 

Compositionally modulated films 
Compositionally modulated magnetic fil 

Computer simulation 
A computer simulation of LiKS 04 

Current transients 

Characterization of deep levels in semi-ir 
gallium arsenide 

Creep curves 

A minimal network model for creep 
Crystal growth 

Growth of larger and more perfect singl 
of KCLO4 in silica gel 

Crystal orientation 

Influence of incident beam divergenc 
intensity of diffuse screaks 



14 


Subject Index 


rystallization 

Diffusion in metallic glasses 3 

cep levels 

Characterization of deep levels in semi-insulating 
gallium arsenide 57 

chydradon 

Variation of electrical properties in sepiolite 
during dehydration 111 

;nsity of defects 

Pressure dependence of electrical resistivities of 
some charge transfer complexes 491 

electric constant and loss 

Variation of electrical properties in sepiolite 

during dehydration 111 

ffuse streaks 

Influence of incident beam divergence on the 
intensity of diffuse streaks 499 

flusion 

Diffusion in metallic glasses 3 

V computer simulation of LiKSO^ 31 

ITalculation of solute-vacancy binding energy in 
lilute fee and bcc alloys by diffusion 43 

{locations 

jrowth of larger and more perfect single crystals 
)f KGO4. in silica gel 83 

ping of chalcogenide glasses 
itudy of impurity induced modifications in 
morphous N-type (GeSe 3 . 5 )ioo-^xBix using high 
ressure technique 423 

namic I-V characteristics 
tudies on dynamic I-V curves of semiconductor- 
quid junction cells formed with Cdo'sZno. 2 S 
1 ms prepared at various spray rates 101 

:trical conductivity 

ariation of electrical properties in sepiolite 
uring dehydration 111 

lectiical conductivity of (PbO)i .x(SnO)x 117 
Ion-ohmic electric conduction in polycrystalline 
lulium oxide 483 

:trical properties 

lectric^ electromechanical and thermal pro¬ 
bities of thin tellurium films 63 

trical resistivities 

ressure dependence of electrical resistivities of 
•me charge transfer complexes 491 

trical transport 

feet of high pressure on chalcogenide glasses 

271 

trochemical photovoltaic cells 
lickness dependent properties of electro- 
emical photovoltaic (ecpv) cells formed with 
emically deposited CdS films 127 

Ton traps 

sep electron trap level in semi-insulating GaAs 

419 

d sphere 

luence of incident beam divergence on the 
ensity of diffuse streaks 499 


EXAFS 

X-ray spectroscopy and local structures in glasses 

353 

Faujasite 

Hydrothermal transformation of clinoptilolite 

475 

fee and bcc alloys 

Calculation of solute-vacancy binding energy in 
dilute fee and bcc aUoys by diffusion 43 

4/, 5d, 65 orbitals 

Magnetic properties of RRhsBj (R = La, Ce, Nd, 
Gd) compounds 229 

FcMo 

Low temperature preparation and characteriz¬ 
ation of intermetallicS“Fe 2 W, FeMo and some 
ternary Fe-W-Mo systems 465 

Ferrites 

Neutron investigation of ferrites 303 

Ferromagnetic metal 

Studies of materials using polarized neutrons 

321 

Ferromagnetic resonance 
Magnetic relaxation in rare earth garnets 237 

Ferromagnetic terbium 

Spin wave contribution to the specific heat of 
ferromagnetic terbium at low temperatures 509 

FcjW 

Low temperature preparation and characteriz¬ 
ation of intermetallks-FeiW, FeMo and some 
ternary Fe-W-Mo systems 465 

Fig tree sap 

Fig tree sap: antithrombogenicity on nylon 
surfaces 75 

Fill factor 

Thickness dependent properties of electro- 
, chemical-photovoltaic (ecpv) cells formed with 
chemically deposited CdS films 127 

Flocculation 

Charge reversal in cadmium sulfide in diffusion 
controlled pattern formation process in agar gel 

105 

Fourier inversion 

Studies of materials using polarized neutrons 

327 

Fractal dimension 

Neutron scattering from fractals 341 

Fractals 

Neutron scattering from fractals 341 

Gallium arsenide 

Characterization of deep levels in semi-insulating 
gallium arsenide 57 

Gamma irradiation 

s Radiation-induced modification of polyurethane 
with hydroxyethyl methacrylate: blood com¬ 
patibility 71 

Glasses 

Effect of high pressure on chalcogenide glasses 

271 



Subject Index 


Growth rates 

Growth of larger and more perfect single crystals 
of KGO 4 in silica gel 83 

Heterogeneous nucleation and growth of poly- 
crystalline silicon 411 

Hall measurements 

Di^p electron trap level in semi-insulating GaAs 

419 

HEMA grafted polyether urethane 
Rad'iatlon-indu^ modification of polyurethane 
with hydroxyethyl methacrylate: blood com¬ 
patibility 71 

Heterogeneous nucleation 
Heterogeneous nucleation and growth of poly¬ 
crystalline silicon 411 

Hexapnal boron nitride 
Third order elastic constants of hexagonal boron 
nitride 91 

High pressure effects 

Effect of high pressure on cbalcogenide glasses 

271 

Homogenisation 

X-ray diffraction study of cation interdiffusion in 
mixed UOi-^IhiOi compacts 21 

Hopping conduction 

F^essure dependence of electrical resistivities of 
some charge transfer complexes 491 

Hybridization 

Magnetic properties of RRh 3 B 2 (R » La, Ce, Nd, 
Gd) compounds 229 

Impurity ionizAtioo energy 
Transparent Conducting films 131 

Incident beam divergence 
Influence of incident beam divergence on the 
intensity of diffuse streaks 499 

InGaAsP 

Auger recombination rate in quantum well lasers 

149 

Insertion/extraction reactions 
Insertion/extraction of lithium and sodium in 
transition metal oxides and chalcogenides 201 

Intercalation of lithium and sodium 
Insertion/extractiott of lithium and sodium in 
transition metal oxides and chalcogenides 201 

Intergrowth plane 

Intergrowth structures in inorganic solids: A new 
class of materials 155 

Intergrowth structures 

Intergrowth structures in inorganic solids: a new 
class of materials I55 

Intermetallic compound 
Studies of materials using polarized neutrons 

321 

Iron-boron alloys 

Preparation and properties of iron-boron metallic 
glass ribbons melt spun in air 137 


Lannard-Jones potential 
Third order elastic constants of hexagonal 
nitride 

Lattice defects 

Thermoluminescence of alkali halides dope 
alkaline earth impurities 

Lattice dynamics 

A computer simulation of LiKS 04 
Lead tin monoxide 

Electrical conductivity of (PbO)i -x (SnO 
LiKS 04 

A computer simulation of LiKS 04 

Low temperature preparation 
Low temperature preparation and chan 
ation of intermetallics-FeaW, FeMo an< 
ternary Fe-W-Mo systems 

Magnetic form factor 

Neutron investigation of ferrites 
Magnetic properties 

Magnetic properties of RRh 3 B 3 (R» 
Nd, Gd) compounds 

Magnetic relaxation 

Magnetic relaxation in rare earth garnets 

Magnetic structure 
Neutron investigation of ferrites 
Neutron beam research in magnetism: Th- 
scene 

Magnetic structure factor 
Studies of materials using polarized neu 

Magnetic superlattice 
Compositionally modulated magnetic fil 
Magnetisation 

Magnetic; Mdssbauer and electrical prop 
Ti-substituted NiQ. 3 Zno* 7 Fe 304 

Magnon contribution 
Spin wave contribution to the specific 
ferromagnetic terbium at low temperatv 
Materials research 

Neutron quasi-elastic scattering in i 
research 

Mechanical networks 
A minimal network model for creep 
Melt spinning 

Preparation and properties of ion-boroi 
glass ribbons melt spun in air 

Metal excess systems 
Structure and superconductivity studie 
nary equiatomic silicides, Af Af'Si 

Metallic glass 

Diffusion in metallic glasses 
Metallic glass ribbons 
Preparation and properties of iron-bore 
glass ribbons melt spun in air 

Molecular dynamics 
A computer simulation of LiKS 04 



Subject Index 


le-Carlo methods 

lulation of polymer systems 35 

lenite 

drothermal transformation of clinoptilolite 

475 

)hologies 

owth of larger and more perfect single crystals 
ICGO 4 in silica gel 83 

bauer spectra 

ignetic, Mossbauer and electrical properties of 
substituted Nio-aZno-^FejO^ 253 

bauer spectroscopy 

w temperature preparation and characteriz- 
m of intermetallics—FeiW, FcMo and some 
nary Fe-W-Mo systems 465 

ron beam 

utron beam research in magnetism: The Indian 
ne 387 

ron diffraction 

utron investigation of ferrites 303 

ron quasi-elastic scattering 

utron quasi-elastic scattering in materials 

earch 327 

ron scattering 

utron beam research in magnetism: The Indian 
ne 387 

ohmic conduction 

m-ohmic electric conduction in polycrystalline 
ilium oxide 483 

nation control 

owth of larger and more perfect single crystals 
KCIO 4 in silica gel 83 

n 

I tree sap: antithrombogenicity on nylon 
faces 75 

ypsinated (immobilized) nylon surfaces: 
lithrombogenicity 79 

1 circuit voltage 

ickness dependent properties of electro- 
miical-photovoltaic (ecpv) cells formed with 
;micaily deposited films 127 

al absorption 

eparatioD and characterisation of Cd3p2, a 
-V group compound semiconductor 51 

:al transient cunent spectroscopy 
laracterization of deep levels in semi-insulating 
Ilium arsenide 57 

red intergrowth 

:ergrowth structures in inorganic solids: A new 
ss of materials 155 


formation 


large reversal in cadmium sulfide in diffusion 
ntrolled pattern formation process in agar gel 

105 


oanode 

dckness dependent properties of electro- 
emical-photovoltaic (ecpv) cells formed with 
emically deposited CdS films 127 


Photoelectrochemical cell 
Studies on dynamic /-F curves of semiconductor- 
liquid junction cells formed with Cdo-aZno-iS 
films prepared at various spray rates 101 

Photo-electron microscopy 
Low temperature preparation and characteriz¬ 
ation of intermetallics—Fe 2 W, FeMo and some 
temaiy Fe-W-Mo systems 465 

Photon flux 

X-ray spectroscopy and local structures in glasses 

353 

Plasma recalcification time 
Fig tree sap: antithrombogenicity on nylon 
surfaces 75 

Plastic deformation 

Diffusion in metallic glasses 3 

Platelet adhesion 

Radiation-induced modification of polyurethane 
with hydroxyethyl methacrylate: blood 
compatibility 71 

Fig tree sap: antithrombogenicity on nylon 
surfaces 75 

Trypsinated (immobilized) nylon surfaces: 
antithrombogenicity 79 

Polarized neutron 

Neutron investigation of ferrites 303 

Studies of materials using polarized neutrons 

321 

Polyhedral 

Hydrothermal transformation on clinoptilolite 

475 

Polymer chains 

Simulation of polymer systems 35 

Potassium perchlorate single crystals 
Growth of larger and more perfect single crystals 
of KCIO4 in silica gel 83 

Powder compacts 

X-ray diffraction study of cation interdiffusion in 
mixed UO 2 -PUO 2 compacts 21 

Pressure induced effects 

Study of impurity induced modifications in amor¬ 
phous N-type (GeSe 3 . 5 )ioo-xBij( using high pre¬ 
ssure technique 423 

Pure MnO 

Low temperature stabilization of pure MnO 

459 

Quantum well lasers 

Auger recombination rate in quantum well lasers 

149 

Random intergrowth 

Intergrowth structures in inorganic solids: A new 
class of materials 155 

Rare earth compounds 

Magnetic properties of RRhsBzfR = La, Ce, Nd, 
Gd) compounds 229 

Rare-earth garnets 

Magnetic relaxation in rare earth garnets 237 



Subject Index 


Reduction process 

Preparation and characterisation of Cd3P2i 3- 
n-V group compound semiconductor 51 

Relaxation 

Diffusion in metallic glasses 3 

Reorientation 

A computer simulation of LiKS 04 31 

Resistivity 

Preparation and characterisation of CdaP ii 3 
II-V group compound semiconductor 51 

Magnetic, Mossbauer and electrical properties of 
Ti-substituted Nio. 3 Zno. 7 Fc 204 253 


Rheology 

A minimal network model for creep 95 

Self-avoiding random walks 

Simulation of polymer systems 35 

Semiconductor devices and matei^ 

Deep electron trap level in semi-insulatmg G^s 


Semiconductors 

Auger recombination rate in quantum well ia^ 
Semiconductors (III-V) 

Deep electron trap level in semi-insulating GaAs 

419 

Sepiolite ... 

Variation of electrical properties- in sepiobte 
during dehydration ^ 11 


131 


Sheet resistance 

Transparent conducting films 

Shock velodty-particle velocity . 

Band theory analysis of shock velocity-particle 
velocity relations for metals 377 

Shock wave ... 

Band theory analysis of shock velocity-particle 

velocity relation for metals 377 

Short circuit current r i * 

Thickness dependent properties of electr<^ 
chemical-photovoltaic (ecpv) cells formed witt 
chemically deposited CdS films 127 

Siliddes 

Structure and superconductivity studies on ter¬ 
nary equiatomic siliddes, MM'Si 215 

Silicon layer _ 

Heterogeneous nucleation and growth ot poiy- 
crystalline silicon 

SiOj and Si3N4 substrates r i ' 

Heterogeneous nucleation and growth of poly¬ 
crystalline silicon 

Small angle neutron scattering aggregates 
Neutron scattering from fractals 341 

Solute-vacancy binding energy 

Calculation of solute-vacancy bintog energy m 
dilute fee and bcc alloys by diffusion 43 

Space charge limited currents 

Electrical conductivity of (PbO)i - ,(SnO), 117 

Non-ohmic electric conduction in polycrys^- 
line thulium oxide 


Specific heat 

Spin wave contribution to the specific h 
ferromagnetic terbium at low temperature 

Spin density distribution 
Neutron investigation of ferrites 

Spin distribution 

Studies of materials using polarized neutr 


Spinel ferrites 

Neutron investigation of ferrites 

Spin wave contribution 

Spin wave contribution to the specific 1 
ferromagnetic terbium at low temperaturt 

Sprayed Cdo-aZno-iS films 

Studies on dynamic I-V curves of sermcon< 
liquid junction cells formed with Cdo E 
films prepared at various spray rates 

Spray rate 

Studies on dynamic i-Kcurves of senucon 
liquid junction cells formed with Cdo i 
films prepared at various spray rates 

Stabilized MnO 

Low-temperature stabilization of pure M 
Step-kink 

Heterogeneous nucleation and growth c 
crystalline silicon 
Stochastic motions 

Neutron quasi-elastic scattering m n 
research 
Strain gauge 

Electrical, electromechamcal and them 
perties of thin tellurium films 

Superconducting compounds 

Structure and superconductivity studies 
nary equiatomic siliddes, MM'Si 

Superionic conductor 

A computer simulation of LiKS 04 

Surface diffusion 

Self diffusion studies on cobalt thm mn 
Surface energy 

Fig tree sap: antithrombogemcity o 
surfaces 

Synchrotron radiation 

X-ray spectroscopy and local structure 

Tellurium films 

Electrical, electromechanical and thei 
perties of thin tellurium films 

Ternary systems 

Structure and superconductivity studn 
nary equiatomic siliddes, MM'Si 

Thermal properties 

Electrical, electromechanical and thei 
perties of thin tellurium films 

Thermoluminescence 

Thermoluminescence of alkali halides d 
alkaline earth impurities 



Subject Index 


ilms 

‘ diffusion studies on cobalt thin films IS 
order elastic constants 

cd order elastic constants of hexagonal boron 
ide 91 

im oxide 

n-ohmic electric conduction in polycrystalline 
lium oxide 483 

ition metal oxides and chalcogenides 
;rtion/extraction of lithium and sodium in 
isition metal oxides and chalcogenides 201 

mittance 

nsparent conducting fiJms 131 

levels 

ssure dependence of electrical resistivities of 
le charge transfer complexes 491 

in 

psinated (immobilized) nylon surfaces: 
ithrombogenidty 79 


UO2-PUO2 

X-ray diffraction study of cation interdiffusion in 


mixed UO 2 -PUO 2 compacts 

21 

Vapour phase spray pyrolysis 
Transparent conducting films 

131 


XANES 

X-ray spectroscopy and local structures in glasses 

353 

X-ray diffraction 

X-ray diffraction study of cation interdiffusion in 
mixed UO 2 -PUO 2 compacts 21 

X-ray spectroscopy 

X-ray spectroscopy and local structures in glasses 

353 

Zeolite 

Hydrothermal transformation of clinoptilolite 

475 


AUTHOR INDEX 


wal D C 


Chidambaram R 


eparation and properties of iron-boron metallic 

see Sikka S K. 

377 

lSS ribbon melt spun in air 

137 

Dasannacharya B A 


ar D 


see Narasimhan S L 

35 

ffusion in metallic glasses 

3 

Neutron quasi-elastic scattering 

in materials 

lasankrithyan V 


research 

327 

! Rao D R 

51 

Deshmukh B T 


crishnan V 


Thermoluminescence of alkali halides doped with 

? Krishnamoorthy M 

95 

alkaline earth impurities 

427 

•ubramanyam N 

' 

Deshmukh L P 


! Mohapatra Y N 

57 

see Pawar S H 

127 

PK 


Dhanasekaran R 


Lger recombination rate in quantum well lasers 

Heterogeneous nucleation and growth of poly- 

iaKL 

i4y 

crystalline silicon 

411 

idy of impurity induced modifications in am- 

DharSK 


phous N-type (GeSea. 5 ) 100 -*01* 

using high 

see Rambabu D 

229 

»sure technique 

423 

Garg J C 


tacherjee S 


Electrical conductivity of (PbO)i- 

,(SnO), 117 

i Lokanatha S 

111 

see Parakh N C 

483 

iRW 


Gauthier J B 


i Akhtar D 

. 3 

see Pandey Dhananjai 

499 

or B 


Geetha Balakrishnan 


; Akhtar D 

3 

see Rao G V Subba 

215 

mchery E A 


Geetha Kurian 


? Agrawal D C 

137 

see Sharma Chandra P 

79 

idrasekhar Vikram 


Gnanam F D 


? Shanna Chandra P 

75 

see Palaniandavar N 

105 

)lot S L 


Godwal B K 


computer simulation of LiKS 04 

31 

see Sikka S K 

377 




Author Index 


Gopalakrishnan J 

InsertioD/extraction m lithium and sodium in 
transition metal oxides and chalcogenides 201 


Gopal ESA 

see Parthasarathy G 271 

see Bhatia K L 423 

Goyal P S 

see Narasimhan S L 35 

Hegde M S 

see Sampathkumar T S 465 

Janaki J 

see Rao G V Subba 215 

Joshi M S 


Hydrothermal transformation of clinoptilolite 


475 

Joshi V V 

see Joshi M S 475 

Kanniah N 

see Palaniandavar N 105 

KhanDC 

Magnetic, Mossbauer and electrical properties of 
Ti-substituted Nio. 3 Zno. 7 F*e 204 253 

Kolluri V Ramanaiah 

see Sampath S 63 

Krishnamoorthy M 

A minimfll network model for creep 95 

Krishnan R 


Compositionally modulated magnetic films 367 

Lalita Prasad 
see Pandey Dhananjai 

Lele S 

see Pandey Dhananjai 
Lokanatha S 

Variation of electrical properties in 
during dehydration 

MalikSK 
see Rambabu D 

Mallya R M 
see Sampathkumar T S 465 

Menon C S 

Third order elastic constants of hexagonal boron 
nitride 91 

Spin wave contribution to the specific heat of 
ferromagnetic terbium at low temperatures 509 

Misra M 

see Khan D C - 253 

Mohapatra Y N 

ChMacterization of deep levels in semi-insulating 
gallium arsenide 57 

Moharil S V 

see Deshmukh B T 427 

Murthy N S Satya 

Neutron beam research in magnetism: The Indian 
scene 387 

Nanjundaswamy K S 

Low temperature stabilization of pure Mn0459 


Narasimhan S L 
Simulation of polymer systems 

Oza AT 

Pressure dependence of electrical resistiviti 
some charge transfer complexes 

Palaniandavar N 

Charge reversal in cadmium sulfide in difiF 
controlled pattern formation process in agz 

Pandey C P 
see Sharma T P 

Pandey Dhananjai 

Influence of incident beam divergence oi 
intensity of diffuse streaks 

ParakhNC 
see Garg J C 

Non-ohmic electric conduction in polycryst 
thulium oxide 

Parthasarathy G 

Effect of high pressure on chalcogenide gla 

see Bhatia K L 
Paulus W 

see Rao G V Subba 

Pawar S H 
see Uplane M D 

Thickness dependent properties of eh 
chemical-photovoltaic (ecpv) cells formed 
chemically deposited CdS films 

Poppe U 

see Rao G V Subba 
Prasad J J B 

Self diffusion studies on cobalt thin films 
Pruthi D D 

Calculation of solute-vacancy binding enei 
dilute fee and bcc alloys by diffusion 

Radhakiishna P 

Studies of materials using polarized neutre 

Ramasamy P 
see Dhanasekaran R 

Ramaswamy P 
see Palaniandavar N 

Rambabu D 

Magnetic properties of RRhaBj (R = I 
Nd, Gd) compounds 
Rao A Venkateswara 

Growth of larger and more perfect smgle ci 
of KQO 4 in silica gel 

Rao B G 
see Rao K J 
Rao CNR 

Intergrowth structures in inorganic solids:. 
class of materials 

Rao D R 

Preparation and characterization of CdaPj, 
group compound semiconductor 


499 

499 

sepiolite 

in 

229 



I 


Author Index 


I G V Subba 

tructuie and superconductivity studies on ter- 
ary equiatomic silicides, MM'Si 215 

dK J 

(-ray spectroscopy and local structures in glasses 


oKR 

m Chaplot S L 31 

o L Madhav 

Neutron investigation of ferrites 303 

.0 N S Hanumantha 

see Srivastava C M 237 

MyKV 

see Prasad J J B 15 

jy P R 

see Venna Ravi 21 

impath S 

Electrical-electromechanical and thermal proper¬ 
ties of thin tellurium films 63 

impathkumar T S 

Low temperature preparation and characteriz¬ 
ation of intermetallics—Fe^W, FeMo and some 
ternary Fe-W-Mo systems 465 

ankarshanamurthy M N 
see Nanjundaswamy K S 459 

axena A K 


Deep electron trap level in semi-insulating GaAs 

419 


chOUhom R 

see Rao G V Subba 215 

Iharma T P 

Transparent conducting films 131 

iharma Chandra P 

Radiation-induced modification of polyurethane 
with hydroxyethyl methacrylate: blood com- 
patability 71 


Fig tree sap: antithrombogenicity on nylon 


surfaces 75 

Trypsinated (immobilized) nylon surfaces: 
antithrombogenicity 79 

Sheela M K 

see Sharma Chandra P 75 

see Sharma Chandra P 79 

SikkaSK 

Band theory analysis of shock velocity-particle 
velocity relations for metals 377 

Sinba S K 

Neutron scattering from fractals 341 

Srivastava C M 

Magnetic relaxation in rare earth garnets 237 
Subramanian V S 

see Rao G V Subba 215 

Tewari R A 

see Rao DR 51 

Uma Maheshwar Rao B 
see Srivastava C M 237 

Uplane M D 

Studies on dynamic I- V curves of semiconductor- 
liquid junction cells formed with Cdo-s Zuo-sS 
films prepared at various spray rates 101 

Vcrma Ravi 

X-ray diffraction study of cation interdiffusion in 
mixed UO 2 -PUO 2 compacts 21 

Vijayaraghavan R 

see Rambabu D 229 

Vikram Kumar 

see Mohapatra Y N 57 

Wagner K 

see Rao G V Subba 215 




256 


D C Khan and M Misra 



Figure 1. 

NiooZuo-? 


Variation of saturation magnetization 
Fej 04 (by Sucksmith ring balance). 


with temperature 


for l%Ti02 addition to 


lack orsufflcientdataon sunilM vacancy only tbing 

Siing any apccUl Mnn«n. for aU 

detemnnalion of the constants fw ^'^^"f^astava a cl (1979) in table Z 
system. The results ate comparrf "“^^f^^ojodedoced from different kmtis 
Considelingtbefacttba^.dKt^9>«“^„^, ^ ,„.,c 

of measurements on different systems, inc 
satisfactory. 

3.2 Mossbauer measurements //^nWlanskii 

f Tsii 7n Fe»Oa, bas been extensively studied ( 

The Mossbaoer sp^a of Ni,-^ J ^ Rosencaraig 1970; Raj and 

and Belov 1 9«5.1966; Satya Mt^ « ® >* • n 9 T 0 ) found that at room 

Ssbresta 1971; Unng et o' "l^rSTSil (from a - OOO to 040) 

nnnpetature the Mossbaoer spectra of Nt.-,Zn.Fe.Oc se 




Properties of Ti-substituted iVio. 3 Zno. 7 Fe 204 


257 



Figure 2. Variation of magnetic moment with addition of Ti in Nio jZno.TFe^O^ 


Table 1. Ionic distribution for different Ti02 concentrations in Nio. 3 Zno. 7 Fe 204 



TiOi addition 

Molecular formula unit 


in weight 
percent 

( ) A sublattice, 

B sublattice, vacancies 


1/2 

(Zno. 695 Fco- 283 Tio. 01 5 D 0 007 ) 

[Nio.298Fei.702]04 


1 

(Zno.689FCO'266Tio-0301^0-01 5 ) 

[Nio.295FCi.705]04 


2 

(Zno.679FCo.239Tio-054 CI 0027 ) 

[Nio.29lFCi.70lTio.0O5 Do*003]04. 


5 

(ZDo.64.9Feo.263Tio.058Clo*029) 

[Nio.278Fei.59oTio.088 Oo.044}04. 


10 

(Zno.6ooFeo.243Tio- 1051 ^ 0052 ) 

[Nio. 257 Fe 1 . 472 Tio.i 8 O tllo-09o]04 


TaUe 2. exchange constants of Ni-Zn-ferrite 



^ Fe’/-Fe|* 

Ni|'"-Ni^* Fe|*-Ni^* 

FeJ'^-FeJ'^ References 

-23*0 

-23-3 

+220 -4-2 

- 6-7 Present work 

-27-4 

-30-7 

+ 300 -2-7 

— 5-4 Srivastava 




et al (1979) 


exhibit a well-defined spectrum consisting of two separate six-line Zeeman patterns, 
due to Fe^ ions at A and B sites. For x = 0-62 the spectrum is a relaxed one whereas for 
X 0-70 the spectra are very similar to paramagnetic spectrum with an intense 
octahedral doublet and a weai tetrahedral singlet. The zero quadrupole shift of the 








illumination half angles of 8, 4 and 1-7 mrad respectively. 





Figure 14. X-ray spectra from the equilibrium (marked 1) and metastable 
(marked 2) precipitates in Al-Zn-Mg alloys. 
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6' platelets in Al-4% Cu alloys are shown in figure 15. The matrix has a cube 
orientation with a single 0' precipitate viewed edge on. The inset microdiffraction 
pattern has been obtained from the region indicated using a of 1-7 mrad. An array of ff 
precipitates viewed 0' with beam direction close to matrix [110]^ is shown in figure 15b. 
The microdiffraction pattern obtained from an approximately 3 nm area centred on a S' 
platelet at the portion indicated using a of 1*7 mrad is shown in the figure 15b. Figure 
15c shows a stack of 6' platelets viewed normal to their large faces. The sad pattern was 
taken at the position shown from an isolated 9' platelet using zero objective lens 
excitation. The beam diameter in the plane of the specimen in this mode is 10 nm. 
The 0' reflections are seen near the forbidden (110) matrix reflections. 


5. Conclusions 

(i) The principles of x-ray microanalysis using the dedicated stem are presented in this 
paper with particular emphasis on absorption correction to be applied when examining 
particles, beam broadening in foils of aluminium, precision of intensity measurements 
and detection limits; (ii) Hole count measurements indicate that the systems back¬ 
ground effect can be ignored while examining the specimens in the VG HB5 stem. 
(iii) The CUff-Lorimer factor for converting the observed intensity ratio into weight 
fraction ratio has been measured for Mn, Fe and Cu with A1 as the base as 0-97 ± 0-03, 
1T5 ±OT and 1*60± 0T5 respectively. These values are in good agreement with other 
experimental measurements and theoretical calculations, (iv) The peak intensity ratio 
obtained from a number of particles show a wide scatter possibly due to the 
contribution from the aluminium matrix. However, consistent results are obtained 
when particles at the edge of the foil are considered. The results also focus on the 
necessity of carrying out x-ray microanalysis on extracted particles, (v) The following 
phases have been identified in 1100 and 1200 A1 and 3008 alloys: Al 3 Fe, cubic AlFeSi, 
CuAl 2 , AlfiMn and possibly ZrAla. (vi) Microdiffraction and x-ray microanalysis have 
been used to study the structure and composition of metastable phases in Al-Cu and 
Al-Zn-Mg alloys. 
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Electron microscopy of defect clusters produced by radiation damage 


S BANERJEE 

Physical Metallurgy Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Abstract. The methods of characterization of different types of radiation-induced defect 
clusters by tem have been reviewed. Point defects produced in irradiated materials 
agglomerate in two or three dimensional clusters to reduce the strain energy associated with 
them. Two-dimensional clusters assume the configuration of vacancy or interstitial type 
dislocation loops which can be resolved if the size of the loops is large compared to the 
extinction distance associated with the imaging reflection. The small loops give rise .to a black 
dot contrast under the kinematical and a black-white contrast under the dynamical imaging 
conditions. The method of characterization of dislocation loops which include the determi¬ 
nation of the nature of the loop, the Burgers vector and the loop plane normal is discussed 
taking examples from the work done on the ion irradiated Ni^Mo samples, A summary of 
available experimental results on the characterization of dislocation loops in different metals 
and alloys having fee, bcc and hep structures is presented. The contrast from stacking fault 
tetrahedra which form in some fee metals and alloys after a certain degree of annealing is also 
discussed. The optimum conditions for imaging three-dimensional clusters or voids are 
derived on the basis of the contrast theory proposed for such defects. Special reference is made 
to the usefulness of “through focus analysis” in the imaging of very small cavities (with 
diameters as small as about 10 A). 

It is shown that the formation of disordered zones resulting from displacement cascades in 
the ordered matrix can be utilized in determining the shape and the volume of cascades in the 
virgin state. The importance of different contributing factors like the strain contrast and the 
structure factor contrast in producing the overall contrast from the disordered zones is 
discussed. Detailed observations on the shape of the disordered zones are shown to be 
important to establish the occurrence of the replacement collision sequence and the formation 
of sub-cascades. 

Keywords. Radiation damage; electron microscopy; point defect clusters; disordered zones. 


1. Introduction 

Energetic particle irradiation of metals causes permanent displacement of atoms if the 
recoil energy transferred from the incident particles to the target atoms exceeds the 
displacement energy. Depending on the momentum and the energy, an incident particle 
can produce either a Frenkel type defect consisting of a single vacancy-interstitial pair 
or a cascade of displacements. The latter process results in creating a depleted zone 
having a vacancy-rich core surrounded by a region with a high density of interstitials. 
Such a depleted zone structure is not stable due to the high strain energy associated with 
it. A substantial part of the strain energy is released when vacancies in the core of the 
depleted zone collapse into a two dimensional cluster assuming the configuration of a 
vacancy type dislocation loop. When irradiation causes production of isolated point 
defects, their concentrations build up and depending on the extent of supersaturation, 
they tend to cluster as point defect agglomerates (pda). Isolated point defects are not 
observable in tem at the present time, but pdas which assume configurations like 
dislocation loops, stacking fault tetrahedra, cavities etc give rise to specific contrast 
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effects on tem images. The present paper deals with the methods of characterization of 
PDAS by studying the details of their contrast. 

As mentioned earlier, the formation of a dislocation loop at the core of a cascade 
involves migration of point defects and also annihilation of defects through the 
vacancy-interstitial recombination. As a result, dislocation loops do not truly represent 
the cascades associated with them in their virgin state. A better imaging of cascades has 
been possible in ordered alloys in which the cascade volumes are disordered by incident 
particles. This novel technique of imaging cascades will also be discussed here. 


2. Contrast from small dislocation loops 

Earlier investigations have shown that radiation damage in metals causes formation of 
defects, which appear as black dots of irregular shape when the sample is imaged in the 
kinematic bright field condition ue. when no low order reflection is strongly excited. It 
was not possible to derive any crystallographic information regarding the nature and 
the geometry of the radiation induced defects from such black dot contrast. Essman 
and Wilkens (1964), for the first time, detected that the black dots in neutron irradiated 
copper revealed a characteristic black-white contrast when the samples were imaged 
under two-beam dynamical contrast condition (with excitation error, 0). From a 
systematic study of such black-white contrast, both theoretical and experimental, the 
methods of finding out various crystallographic parameters such as the nature of the 
loop, the Burgers vector, the loop plane normal associated with a defect cluster have 
now been established mainly from the work carried out by Wilkens and coworkers in 
Stuttgart and Eyre and his coworkers in Harwell. This subject has been dealt with 
extensively by Eyre (1972), Ruble (1967a,b) and Wilkens (1970, 1973). 

Some of the theoretical results based on which defect analysis can be done are 
summarised as follows: (i) Only those defects which lie within a distance of about 1-5 
times from the top and the bottom surfaces of the foil give rise to the black-white 
contrast under the two beam dynamical imaging condition with g • b ^ 0 where g is the 
operating reflection and b the Burgers vector. The disappearance of the black-white 
contrast from small loops located at distances exceeding 1-5 is due to anomalous 
absorption. The factor ^g/^g where is the anomalous absorption length provides a 
guide line for determining the maximum depth up to which a defect produces a black- 
white contrast, (ii) For loops in the middle region of the foil, i.e. outside the region of 
observable black-white contrast, a black dot contrast is expected, (iii) As mentioned 
earlier, dislocation loops located near the surfaces of the foil reveal a black-white 
contrast when g • b 0 and s w 0. If a vector 1 is so defined that it points from the centre 
of the black lobe to the centre of the white lobe of the contrast figure in the positive 
print, then the sign of g • 1 oscillates with depth as shown schematically for vacancy 
loops in figure 1. The orientation of 1 remains independent of the direction of g and lies 
parallel to b or its projection on the image plane. This statement is, however, valid only 
for angles between g and b < 55 to 60° (Ruble 1967 a,b). Image simulation results for 
the case of ^ < 110 > and i < 111 > edge loops in a bcc crystal show that I deviates from + b 
(or its projected direction) by an amount that increases as a, the angle between b and g 
(Eyre 1972). (iv) Eyre (1972) has shown that for fairly large values of g • b (^4/3) a fine 
structure is developed at the separation line between the black and the white lobes, (v) 
When g • b = 0, a contrast figure often described as a butterfly contrast (Wilkens et al 



TEM of point defect clusters 
D. F 


539 


B. F 


TOP SURFACE 



mD 


L1 

0.3 ?g 

- -♦- 

- - - 0 — . 



cm 

cm 

L2 

0.75 ?g 

-•- 

—•— 

— 

1.25 fg 


o 

L3 

' ^ 



1.25 ^g 

m 

CB 

L3 

0.75 fg 

-^- 

-# — 

— 

cm 

o 

L2 

0.3 5g 


i. — _ 

L 1 


BOTTOM SURFACE 


Figure 1. Schematic illustration, of the black-white contrast from small dislocation loops of 
vacancy type located at different depths of the sample. Bright (bf) and dark field (df) image 
characteristics as seen on positive prints. For interstitial type loops the same image 
characteristics are seen for g pointing in the reverse direction. 


1970) which contains three black and three white lobes is observed, (vi) Under the 
kinematical imaging condition i.e. for large excitation errors (|s| • 1) only black dot 

contrast remains for all loop positions. Since the diameter of the black dot contrast, 
measured for instance at 20% image width, closely corresponds (within about 10% 
error) to the projected loop width, such kinematical images are very useful in the 
quantitative determination of the loop size. 

Based on the aforementioned principles of image formation, it is possible to identify 
the nature of a small dislocation loop (i.e. either vacancy or the interstitial type) and 
determine the Burgers vector and the loop plane normal. The method is illustrated 
taking examples from a recent experimental work on ion irradiation induced damage in 
Ni 4 Mo. (Banerjee et al (unpublished)). 

2.1 The sign of the volume 

The vacancy and the interstitial type loops with misfit volumes, AK<0andAK>0 
respectively fjin be distinguished from the sign of g • I provided the depth position of the 
defect is determined accurately by the stereomicroscopic method. In Au"*"^ ion 
irradiation on Ni 4 Mo, the range of the incident ion was such that almost all defects 
were formed within the layer, LI (refer figure 1). Therefore, in the present case, it was 
not necessary to find out the depth positions of these defects. Comparing figures 1 and 2 
it be seen that these defects are all vacancy loops, that I vectors for different loops 
are pointing along different directions and all arc certainly not along the g vector. This 
observation clearly demonstrates that the strain field around these defects; .are not 
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Figure 2. Black-white contrast from vacancy type dislocation loops produced in Ni^Mo 
irradiated with 60keV ions. Note that all 1 vectors are not parallel to g. 


spherically symmetric because in that case the I vector is expected to be always parallel 
to g. Analysis of contrast figures of defect clusters in Nb 3 Sn (Jenkins et al 1982) has 
shown such contrast character and they suggested the formation of amorphous 
disordered zones in the ordered matrix which results in the production of spherically 
symmetric strain centres. 


2.2 Burgers vector and plane normal n of a small dislocation loop 

The method of determining the Burgers vector b and the loop plane normal of a 
resolvable dislocation loop involves finding out a suitable g for which contrast 
extinction occurs and tilting experiments to bring the loop plane parallel to the electron 
beam direction. For the unresolved loops, a careful comparison of the contrast figure 
from a given set of dislocation loops under different imaging reflections enables one to 
determine these parameters unambiguously. Strictly speaking, a comparison between 
computer simulated images of dislocation loops with different b and n under various 
conditions of imaging (g and foil plane normal) is necessary. The analysis, however, 
turns out to be simpler in many cases where possible Burgers vectors are restricted by 
crystallographic arguments. Figure 3 illustrates one such example where loops are 
grouped into three types A, B and C depending on the contrast figures exhibited by 
them under different g all on the same foil plane (001). The 1 vectors are seen to be along 
A, B and C vectors which are along projections of different < 110 > and < 111 > 
directions. Table 1 shows that if b for A, B and C types of dislocation loops are taken to 
be those indicated in the last column of the table 1, the observed contrast figure 



Figure 3. Analysis of Burgers vector of small dislocation loops. Based on the contrast 
character (as listed in table 1) under different operating reflections loops are grouped into three 
types A, B and C marked by circle, square and diamond markers. 


matches with what is expected from theoretical considerations. Based on this 
observation, it has been concluded that apart from the Frank loops, some perfect loops 
are also formed in the ion irradiated ordered Ni^Mo alloy. Figure 4 illustrates the 
details of the contrast figure of perfect and Frank loops under different imaging 
conditions with increasing magnitude of g. b. The internal contrast at the centre of the 
black-white figure is clearly visible when g. b is close to 2. 

Experimental work on several fee metals has established that a great majority of 
small dislocation loops are of the Frank type which have pure edge character. The rule 
that the 1 vector is parallel to b or the projection of b is valid in such cases and therefore 
unambiguous identification of these loops is possible using this property of the loop 
contrast. However, this property alone is not sufficient to determine b and n, 
paxticularly for shear loops. 

In bcc metals, Eyre and Bullough (1965) have shown from theoretical consideration 
that small loops are nucleated on {110} planes and in a subsequent shear process the 
Burgers vector b = y <110> is converted into b = ^ <111 > or, less probably, into 
b = <100>. Experimental work on ion irradiated Mo and on W (Eyre et al 1977) have 

shown that a majority of the loops in bcc metals have b = '^<lll>andn = <110>.No 

evidence for loop with b = <100^ was found in W. 

In Co (Wilkens 1978) nearly all loops could be indexed with b = 1/3 <1120> and 
n = <10T0>. No radiation induced loops on the basal plane could be detected. 
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Table 1. Image characteristics of loops shown in figure 3. 


Type 




g 


b 

(Marker) 


[020] 

[200] 

[220] 

[220] 


A 

(Circle) 

1 

shape 

butterfly 

A 

BW 

A 

BW 

A 

BW 

i[101] 


gb. 

0 

1 

1 

1 

or 

i[10T] 

B 

1 

shape 

B 

BW 

B 

BW 

butterfly 

B 

BW 

or 

i/3[m] 

(square) 

g b 

2/3 

2/3 

0 

4/3 

or 

1/3 [inj 

C 

1 

shape 

C 

BW 

C 

BW 

C 

IS 

butterfly 

i[110] 

(Diamond) 

gb. 

1 

1 

2 

0 



A parallel to projection of [101] andJlOT]; 

B parallel to projection of [111], [111] and [HO]; 

C parallel to projection of [111], [111] and [110]. B W represents black- 
white contrast with no prominent internal structure. 1 S represents black 
white contrast with prominent internal structure. 



PwfKt loop 

Figure 4. The influence of the magnitude of g -b on the details of the loop contrast. 


3. Contrast from voids 

Theoretical contrast calculations have been carried out by many investigators and on 
the basis of these results, Eyre (1972) has listed the Following image characteristics for 
voids: 
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(i) Voids give rise to strain contrast absorption contrast and phase contrast and relative 
magnitude of each of these very strongly depends on the void size, the thickness of the 
sample and the imaging condition, (ii) In a two-beam dynamical image, the largest 
contribution to in-focus images comes from absorption contrast except for very small 
cavities which produces strain contrast to a significant extent, (iii) When absorption 
contrast is predominant, contrast is dictated by foil thickness. The optimum contrast is 
obtained in a narrow region at the front of the first and second dark thickness fringe 
(figure 5). It has been demonstrated that cavities exhibit positive contrast at the bright 
and negative contrast at the rear or dark fringes in bright field, the reverse being true in 
the dark field, (iv) In thicker foils, anomalous absorption damps out the oscillation in 
intensity and all cavities exhibit above background contrast, due to a change in the 
normal absorption, (v) The contrast from very small voids can be obtained only in out 
of focus imaging, i.e. when objective lens is focussed on a plane at a distance, C (about 
1 fjm) from the bottom layer of the specimen. By this technique, cavities with diameters 
10 A or less can be made visible. Ruble (1971) have shown that cavities degenerate with 
increase in thickness into pure phase objects in the electron optical sense. Such phase 
objects are invisible under in-focus conditions. The phase shift is given by AV, the 
difference between the mean inner potentials inside the cavity and in the crystalline 
matrix. The contrast figure obtained in the defocus mode consists of a central region 
which in bright or dark depending on the sign of A K and C and a number of Fresnel 
fringes of alternating sign surrounding the central region. Through focus imaging’ 
technique can also be used, in principle, to establish A K because the contrast depends 
on the sign and the magnitude of AK for cavities which are large enough to be 
detectable under the in-focus imaging condition. 


4. Contrast from disordered zones 

In pure metals and disordered alloys the size of the vacancy loops produced by the 
collapse of vacancies at the core of displacement cascades gives a measure of the cascade 
size. The loops, however, do not truly represent the cascades because only the vacancies 
which survive in a cascade core make up a dislocation loop and vacancies undergo a 
considerable degree of rearrangement during the collapsing process. When displace¬ 
ment cascades are produced in ordered alloys, random displacements and replacements 
of atoms destroy the order within the cascade. Dark field image taken with a strongly 
excited superlattice reflection then shows a distribution of disordered zones embedded 
in the ordered matrix. The contrast arises primarily due to the difference in the structure 
factor for the superlattice reflections between the disordered zone and the ordered 
matrix. When such disordered zones are associated with dislocation loops, additional 
contribution from strain contrast also appears. Different factors which influence the 
image contrast of disordered zones have been evaluated by Jenkins et al (1976 a, b) both 
theoretically and experimentally on the Cu^Au alloy. More recently, experiments on 
disordered zones in NuMo (Banerjee et al unpublished) have confirmed earlier 
findings. The results of these investigations can be summarized as follows: 

(i) The contrast was a sensitive function of foil thickness. Figure 6 shows the intensity 
relative to the background (I/Iq) vs foil thickness for disordered zones in N^Mo imaged 
under 1/5 (420) and 3/5 (420) reflections (Banerjee et al unpublished). For the 1/5 (420) 
superlattice reflection, the image intensity of the disordered zone is below the 




Figure 6. The calculated superlatticc dark field contrast from a disordered zone of 5 nm in 
the matrix of the fully ordered NuMo. The influence of the degree of order(5) within the 
disordered zone and the specimen thickness on the contrast is shown. Calculation is based on 
twelve beams in a systematic row of reflections along <420> real vectors with g = 1/5 <420 >. 
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background when the sample thickness is less than 850 A while for the 3/5 (420) 
reflection the image intensity remains below the background for practically all electron 
transparent samples. The contrast, however, becomes very feeble as the sample thick¬ 
ness exceeds about 500 A and therefore disordered zones do not remain visible in thick 
regions of the sample. Figure 7 illustrates the contrast observed from disordered zones 
in NuMo imaged under 1/5 (420) reflection, (ii) The thickness of the disordered zone is 
another factor which strongly influences the contrast. Numerical calculations (Jenkins 
et al 1976 a) have shown that the contrast falls below the 10 % level, commonly accepted 
as the visibility limit, for the disordered zone thickness smaller than about 20 A. 
(iii) The contrast has been found to be linearly dependent on the long range order 
parameter, S within the disordered zone, (iv) The contrast has been shown to be fairly 
insensitive to the extent of deviation from the exact Bragg orientation and also to the 
depth at which the disordered zone is located in a sample. It may be noted that the 
superlattice dark field contrast from disordered zones located at depth Zq is the same as 
that for disordered zones located at depth (t-Zg) where t is the foil thickness, 
(v) Based on the calculations made by Jenkins et al (1976 a,b) in which contributions 
from both structure factor and strain constant are taken into account, it can be stated 
that the total contrast is dominated by the structure factor contribution for small 
disordered zones associated with dislocation loops (typically the loop diameter being 
less than about 40 A for CusAu imaged under (110) reflection). Even for larger 
disordered zones the size and the shape of the total contrast are fairly well represented 
by the contrast arising out of the structure factor contribution alone. 

Because of the faithful reproduction of the shape of a cascade in the superlattice dark 
field image of the disordered zone associated with it, the details of the contrast figure 



Figure 7. Dark field image with 1/5 <420) refiection to show disordered zones in the matrix 
of ordered N^Mo irradiated with 60 KeV * ions. Dark grains correspond to ordered 
domains related with bright domains by anti parallel twin relation. 
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have been studied to explore the mechanism of displacement and replacement of atoms 
within the cascade volume. From the measurement of size of the cascades and assigning 
a distribution of disorder within the cascades the number of replacements, n, within a 
single f-agrade required to introduce the disorder can be computed. When this number 
is compared with the estimated number of atomic displacements, (cs £/2Ed, where E 
is the energy of the incident ion and Ei is an average displacement energy^ one obtains 
jv/hj to be in the range of 10 to 20. This suggests that disordering is caused largely due to 
the replacement process. It has been envisaged that disordering may occ.ur by the 
following processes to different extents: (i) formation of thermal spikes (ii) collapse of 
vacancies to form vacancy loops, and (iii) replacement collision sequence (rcs). To 
assess the role of rcs, detailed observation on the morphology of disordered zones has 
been made by Jenkins et al (1976b) and they have reported splitting up of disordered 
zones into two or more distinct dots and extrusions of the disordered zone into the 
matrix. Attempt has been made to examine whether these extrusions coincide with the 
close packed <110> directions along which focussed rcs is expected to occur. But the 
results are not convincing enough to be certain that these extrusions are the path along 
which RCS has occurred. However, such a mechanism of propagation of rcs to produce 
sub-cascades in case of high incident ion energies (> 30 keV) still appears very 
probable. 

5. Concluding remarks 

At present tem methods are well developed for complete crystallographic characteriz¬ 
ation of point defect agglomerates produced by radiation damage. The lattice 
resolution technique has not yet found any significant application in analysing these 
defect structures. With the availability of high resolution tems and growing interest in 
lattice resolution microscopy one may forsee some suitable applications of lattice 
resolution microscopy in this area in the near future. 
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Electron microscopy of layered single crystals grown by direct vapour 
transport method 
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Abstract. Besides interesting properties such as optical, transport, structure, etc. possessed 
by crystals of transition metal dkhalcogenides, they have also been found to have a potential 
application in the fabrication of PEC solar cells. These crystals are normally grown by carrier 
gas transport technique but are always contaminated by carrier gases. A new method of direct 
vapour transport has been developed and successfully applied to grow these crystals including 
those of off-stoichiometric varieties. 

The crystals thus grown have been characterized structurally using the techniques of x^ray 
powder, rotation and Weissenberg photographs and electron diffraction. Perfection studies 
have been made by techniques like chemical etching and electron microscopy. 

This review describes the electron microscopic studies made on the single crystals of the 
layered compounds. High resolution technique of weak beam has been employed to study 
dislocation pattern. Dissociated dislocations have been used to estimate stacking fault energy. 
Such measurements have also been carried out at different temperatures and the variation 
of stacking fault energy with temperature has been worked out. Interesting information 
regarding phase transformation for TaS, and W 3 Se 4 in the temperature range 109 to 580 K 
has been derived from the electron diffraction studies and the implications have been 
discussed. 

Keywords. Electron microscopy; transition metal dichalcogenides; growth technique; x-ray 
diffraction; stacking fault energy; phase transformations. 


1. Introduction 

In the last two decades the materials of the family of transition metal dichalcogenides 
have received a rapidly growing attention. Many compounds of this family having a 
layered structure occupy a central position in the class of layered compounds due to 
their various important applications such as solid lubricants, energy converters, 
semiconductors, switching devices and model substances for testing and exploring 
photo-emission methods. Moreover, their polytypic and anisotropic behaviour in the 
past few years has become an intensively investigated field in the study of Solid state 
research. 

These compounds have the general formula TX 2 where T is a transition metal from 
IV B, VB or VIB group of the periodic table and 1 AT is one of the chalcogens sulphur, 
selenium or tellurium. The basic structure of loosely coupled X-T-X sheets mak6 such 
materials extremely interesting suich that, within a layer^ the bonds are strong, while 
between the layers they are remarkably weak. 

Some of the transition metal dichalcogenides have recently foiind application in the 
construction, of photoelectrochediiCal (pec) solar cblls: Visible and near ir radiation 
absorbed by these compounds produces a d-d* excitation Of electrons; which does not 
involve the breaking up 6f essential crystal bohds. This leads to the generation of holes 
which do not directly lead to a photoelectrochemical cbrossion of the substrate. Both n- 
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type and p-type layer compounds can therefore be favourably used to construct 
regenerative electrochemical solar cells. 

Normally the crystals of transition metal dichalcogenides (tmdc) are grown by using 
the chemical vapour transport method in which invariably iodine or bromine is used as 
the transporting agent. It has been observed that when tmdc crystals grown by bromine 
transport method are used to fabricate pec cells, intercalation of bromine into the 
van der Waal’s gap of these crystals react with the holes and traps them, which affects 
the efficiency of the cell. Thus the purity of crystals is of utmost importance in cell 
preparation. 

Moreover, when such crystals are used for optical and electricsil measurements, the 
presence of transporting agents in them makes them so different from sample to sample 
that the results are not at all reproducible. In order to avoid the contamination of the 
transporting agents a direct vapour transport method has been established for the 
growth of TMDC crystals. A brief description of the method of growth and the single 
crystals thus grown has been given below. 

Since tmdc crystals possess a layered structure they easily lend themselves as ideal 
specimens for transmission electron microscopic (tem) studies because one can easily 
prepare as thin specimens as desired by simply using the repeated cleavage method, for 
which one only needs a good quality adhesive tape and pure chloroform to prepare 
specimens in a matter of few minutes. 

tem studies of some of the tmdc crystals grown by us which has revealed very 
interesting information, has been described in this article. 


2. ^ Growth technique 

The chemical vapour transport (cvt) technique has been widely used for the growth of 
single crystals of metal dichalcogenides. This technique using iodine or bromine as 
transport agents certainly gives very large crystals, sometimes of the order of 1 cm in 
basal extension. However, these transporting agents always contaminate the growing 
materials as already mentioned. Growing crystals without any contamination therefore 
requires a process in which no transporting agent is used. Such method was used by Al 
Hilli and Evans (1972) to grow single crystals of certain tmdc. This method of growth 
of crystals known as the direct vapour transport (dvt) method has been used to grow a 
number of tmdc crystals not grown so far. 

A tubular furnace capable of reaching high temperatures (1173-1373 K) with 
required temperature gradient over the length of about 25 cm was used for the growth. 
Transparent quartz tubes with internal diameter of 2.2 cm and of length 20 cm were 
most adequate for the purpose. 

The preparation of the starting materials for growth was done by filling the 
stoichiometric proportion of the materials in a quartz tube and then sealing it under 
evacuation of 10“^ torr. The tube was then heated in a furnace to about 1000 K for 
about 70 hr. After this firing, the tube contained a fine free flowing black powder which 
was then thoroughly shaken for proper mixing. The tube was again placed in the 
furnace for the actual growth of the crystals. The preparation and growth procedures of 
the different crystals grown by us have been summarised in table 1. 

The stoichiometry of the growp crystals was verified by making the edax analysis on 
the Philips EM 400 microscope. 
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For the transmission work, cleavage flakes of sufficient thickness (700 A) were 
prepared by repeated cleavage using an adhesive tape. The microscope (Philips 
EM 400) has a built-in facility for taking the weak beam pictures. 

X-ray powder diffraction data were obtained using Debye Scherrer powder patterns 
of the crushed crystals/whiskers at 293 K. The oscillation and the Weissenberg 
photographs were taken. 

3. Characterisation of the grown crystals 

The as-grown crystals were characterised by x-ray diffraction technique using powder 
diffraction patterns, the oscillation and Weissenberg photographs of the single crystals. 
The crystal structure data of the compounds grown have been summarised in table 2. 

Majority of the TX 2 layer dichalcogenides grown by us arise from the stacking of 
hexagonally packed planes. The basic co-ordination unit for crystals having a M 0 S 2 - 
type structure is the trigonal prism. Their structure consists of hexagonal stacking of X~ 
T-X sheets in which every T atom is surrounded by six X atoms in the trigonal prism. 
Figure 1 presents a schematic view of the structure. The stacking sequence of layers in 
TX 2 can be symbolised as Aq . where Aq means a X-T-X sheet with X atoms 

in the B position and B^ means a sheet with X atoms in the B position and T atoms in 
the A positions. 

The normal structure ofTX 2 crystals having a MoSj type structure, is hexagonal, 
with two molecules per unit cell; atoms are in special positions of space group P 63 /mmc 
with cations at ± (^, and anions at ± ( 3 , 4), ± (|, 3 , positions. A second form of 
TX 2 crystals is known to be rhombohedral in space group R3m with atoms at sites 
(0,0,0)rand (0,0,i), (0,0,5/12)X. 

In contrast to the majority of crystals possessing a M 0 S 2 type structure, TaS 2 
crystals belong to a Cdlj structure, (figure 2 ) which has a hexagonal unit cell containing 
a single molecule, with cations at special positions ( 0 , 0 , 0 ) and anions at positions 
(i, I. w) and ( 3 , 3 , - u) of space group P 3m 1, where u is approximately The crystal 
structure analysis carried out on the crystals of TaSj in the present work shows that 
they are basically IT type. 

4. Electron microscopy of tmdc crystals 

The advantage of using the weak beam method of electron microscopy for analysing 
dislocation system is illustrated in figures 3a, b, which are the BF and WB pictures 
respectively. Figure 3b represents the electron micrograph of a TaS 2 crystal taken in the 
( 2 TO) diffracted beam with the crystal oriented close to the exact Bragg reflection 
condition. The pattern shown in the hexagon ABCDEF (figure 3a) is not clearly 
resolved. As a matter of fact it is difficult to interpret the pattern. On the contrary, the 
weak beam picture clearly shows that the pattern is formed from extended nodes. 

The high resolution obtained with the weak beam technique has been used to observe 
two-fold ribbons in WSj and TaSj crystals. The value of the separation of the partials 
obtained in this way has been used to estimate the stacking fault energy y. By applying 
isotropic theory in an infinite crystal the stacking fault energy follows from 




TmUe 1, Charge preparation and crystal growth technique. 
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Table 2. Structure type and lattice parameters. 



Character and 
colour 

Space 

Group 

Parameter (A) 

Density 

(g/cm^) 


Compound 

a 

b 

Polytype 

1 

2 

3 

4 

5 

6 

7 

WSa 

p-type semiconductor 
Grey black shining 

1 ^ 63 /mmc 

3-148 

3-162 

12-34 

18-35 

7-5 

2H 

3R 

M 0 SC 2 

p>type semiconductor 
Covalent character 

P 63 /mmc 

3-286 

3-281 

12-87 

19-05 

6-9 

2H 

3R 

WScj 

p-type semiconductor 
Grey black 

P 63 /mmc 

3-286 

3-281 

12- 97 

13- 06 

9-0 

2H 

M 0 S 2 

Covalent character 

Blue grey black 

P 63 /mmc 

3-160 

3-160 

12-960 

18-33 

4-8 

2H 

2R 

MOo.i3Wo,85Se2 

p-type semiconductor 
Blue opaque 

DJh 

3-268 

12-851 

7-440 

2H 

Moq. 2 ^ 0 . 8^62 

Black opaque 

P 63 /mmc 

3-270 

12-858 

7-522 

2H 

Moo_3Wo.7Se2 

Black shining 

P 63 /mmc 

3-274 

12-874 

7-762 

2H 

Mo 0 . 4 W 0 . 6 Se 2 

Blue opaque 

P 63 /mmc 

3-278 

12-890 

8-022 

2H 

Moo. 3 Wo. 5 Se 2 

Black opaque 

P 63 /mmc 

3-281 

12-905 

8-212 

2H 

Moo.6Wo,4Se2 

Bluish opaque 

P 63 /mmc 

3-284 

12-922 

8-425 

2H 

Moo. 7 Wo. 3 Se 2 

Brown opaque 

P 63 /mmc 

3-288 

12-938 

8-668 

2H 

Mo 0 . 8 W 0 . 2 Se 2 

Black opaque 

ok 

P 63 /inmc 

3-291 

12-960 

8-814 

2H 

MOo.g W 0, 1 Se 2 

Bluish opaque 

Ojh 

P 63 /mmc 

3-293 

12-961 

9-040 

2H 

WSi.ieSco 04 . 

Grey black 

Shining 

P 63 /mmc 

3-1996 

12-6119 

8-251 

2H 

WSCi.gg 

p-type semiconductor 
Grey black 

P 63 /mmc 

3-296 

± 0-02 

13-04 

± 0-02 

7-9931 

2H 

WSe^.g, 

p-type semiconductor 
Grey black 

P 63 /mmc 

3-301 

± 0-02 

13-14 

±(^02 

7-8755 

2H 

WSei.g 6 

p-type semiconductor 
Grey black 

P 63 /mmc 

3-312 
+ 0-02 

13.19 

± 0-02 

7-7715 

2H 

WSei.g3 

p-type semiconductor 
Grey black 

P 63 /mmc 

3-328 

± 0-02 

13-30 

± 0-02 

7.5800 

2H 

WSe^.go 

p-type semiconductor 

P 63 /mmc 

3-342 

± 0-02 

13-46 

± 0-02 

7-3750 

2H 


Group: VI d^; coordination of the metal atom: trigonal prism. 




Figures 1 3. 1. Schematic view of M 0 S 2 type structure; 2. Cadmium iodide layer structure. 
Small circles Cd, large circles I; 3a. Bright field picture showing network pattern of the 
extended nodes; 3b. Corresponding weak beam picture of 3a. 


where (Iq expresses the equilibrium separation of the partials, dg is calculated from the 
formula 

d = do|l-2^}cos2<^ (2) 

where d is the distance between the partials in a ribbon; b, the Burgers vector of the 
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partial; (f>, the angle between the total burgers vector and ribbon; fi, the shear modulus; 
and V, the Poisson’s ratio. 

Figure 4 shows a high resolution 220 weak beam dark field micrograph of a 
dislocation in WS 2 with Burgers vector ^[iTO] with ^220 — 2*57 x 10”^ A“^, showing 
two peaks in the image. 

Also shown in figure 4 is the sadp from the area imaged, showing the weak [120] 
reflection and strong [220] reflection. Measurement of the separation of the peaks 
made using a micro-densitometer gave the separation* value as 27 A, 

Using this value, y/fi was determined from (1) and is found to be 4-88 x lO" cm. 
The corresponding value obtained from isolated ribbons in TaS 2 crystals is 5*5 
X 10"*' cm. 

Symmetrical three-fold ribbons can also be used to estimate the stacking fault energy 
y. According to Aerts et al (1962) for ribbons, consisting of three partials with the same 
Burger’s vectors 



where A — cos* ^ -t- a sin* (t> 

P = /ih*/2jt; a = ^h*/2jt(l - v), 

jc and y are the widths of the ribbons, and yj are the stacking fault energies in the 
regions x and y respectively, b is the Burgers vector, v is the Poisson’s ratio, ft is the shear 
modulus, 0 is the angle made by the Burgers vector with the partials. 

An example of three-fold ribbons observed in some of the specimens of WSej 
crystals is shown in figure 5. It was seen that the three partials comprising the three-fold 
ribbons go out of contrast simultaneously, proving that their Burgers vectors are the 
same. The ribbons widths x and y shown in figure 5 are used to calculate yx/u and y 2 /n 
since n for WSe 2 is not known. For actual measurements the region shown in figure Sa 
was photographed in weak beam (figure 5b and y ^ /ju and y 2 /u computed on the ribbons 
as shown in this figure. 

Using the x and y values from figure 5b, yi/fi and yi/n have been estimated as 56-27 
X 10"** cm and 46-11 x 10"** cm respectively. 

Since our microscope has built-in facility to vary the specimen temperature, a region 
showing three-fold ribbons (figure 6a) at 109 K was heated up to 319 K as shown in 
figure 6b. A comparison of the two figures clearly reveals that the width of the partials 
forming the three-fold ribbons marked XX in figure 6a has considerably increased. 

As mentioned above, yjn and yj/fi were computed from the width of the ribbons in 
figure 6a. The region shown in figure 6a was heated at different temperatures. Sufficient 
time was given at each temperature for its stabilisation, yx/u and yj/n were computed 
from the width of the ribbons at each stage. These values are shown in table 3. A plot 
showing the variation of y^/fi and y 2 /u with temperature is shown in figure 7. 



Layered single crystals 


557 



Fignm 4-5. 4. Weak beam dark field picture of two-fold ribbona In WS^; 5a. Bright field 
electron micrograph showing three-fold ribbons In WSej; 5b. Corresponding weak beam 
picture of 5a. 


5 . Studies of phase transformations 

5.1 ITTaSj 

5.1a Phase tran^ormations from physical properties. Disalvo et al (1974) and 
Thomson et al (1971) have studied a number of physical properties of ir-TaS 2 crystals 
and have reported a number of phase transformations. They have particularly found 
that the electrical resistivity changes abruptly at 350 K and 190 K.. The transition at 
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lOl_I_I_I_I_I-1 

IDO 180 760 3i0 

T (K) 


Figures 6-7. 6a. A region showing three-fold ribbons at 437 K; 6b. Same region as 
figure 6a at -1-46 K; 7. Plots showing variation of y^ly. and ^ 2 //^ with temperature. 

Table 3. Variation of y/^ with temperature. 


Temperature 

(K) 
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190 K is accompanied by a large hysteresis covering a temperature range of about 
100 K. On increasing the temperature it occurs at 240 K, whereas with decrease in 
temperature it takes place at 145 K. The transition at 350 K shows little hysteresis and 
corresponds to a metal-semiconductor transition, whereas the 190 K transition 
corresponds to a change in the basal gap of the semiconducting phase. The magnetic 
susceptibility also shows a change at 350 K, the material however remaining 
paramagnetic. Similar type of hysteresis as found from electrical resistivity also occurs 
in the magnetic susceptibility. 

5.1b Phase transformations from electron diffraction: Amelinckx (1976) proposed the 
existence of a, P, y and S phases in ir-TaS 2 crystal by studying the diffraction patterns at 
different temperature. Phases similar to P and S were also observed by Williams et al 
(1974) and they proposed to call them ITj, IT^ and Our observations regarding P 
and <5 phases are shown in figure 8. 

It is seen that at a temperature of nearly 586 K a pattern shown in figure 8a is 
obtained. Upon decreasing the temperature to 478 K a pattern as shown in figure 8b is 
obtained. Upon further decreasing the temperature to 350 K the pattern shown in 
figure 8c is obtained. The onset of jJ phase can be noted in this figure. 

At 320 K the pattern suddenly changes reversibly into that shown in figure 8d. This 
pattern is actually a characteristic of the y-phase. This transition temperature of 320 K 
coincides more nearly with the magnetic transition temperature (315 K). This 
observations differs from the observation of Amelinckx (1976) who observed this 
transition temperature as 350 K. 

Further there is a large disagreement in reporting the exact temperature at which the 
pattern changes from incommensurate y-phase to the commensurate ($-phase. In the 
case of Williams et al (1974) this temperature is 150 K while for Amelinckx (1976) it is 
190 K. In the present studies also it is very difficult to pinpoint the exact temperature 
from the observation of the diffraction patterns alone, since the intensity of the six first 
order reflections surrounding the central spot goes on increasing as one lowers the 
temperature from 290 K to 85 K. The exact onset of the 5-phase is difficult to recognise. 
However, it appears that the phase occurs at 139 K (figure 8e). 

The discrepancies reported in the literature concerning the relationship between 
changes in diffraction pattern and phase transitions as observed by discontinuities in 
the physical properties may be attributed to the error resulting from the measurement 
of the specimen temperature in the heating holder of an electron microscope. 

It was generally seen that when crystals were heated from a temperature of 94-5 K to 
higher temperatures, the phases occurred in the sequence 5-y-^. However, the exact 
temperatures at which the transitions occurred were only slightly different from those 
reported by earlier workers. In one case however observations quite different from 
those reported so far have been made and are described below. 

A crystal heated from 94*5 K showed the occurrence of 5, y and p phases but, at a 
temperature of 528 K all the superlattice spots disappeared and the crystal transformed 
completely to a 2H phase (figure 9). This crystal was then heated up to 617 K (figure 10) 
and then slowly cooled. At a temperature of 441 K superlattice spots reappeared 
(figure 11) but this time all the superlattice spots were exactly at the centre of the basic 
matrix spots, i.e.—the pattern formed a la^ hexagonal superstructure. 

This pattern remained up to room temperature (figure 12). When the crystal was 
reheated the phase remained up to 540 K but then started disappearing. Upon cooling 
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Figures 9-12. 9. Electron diffraction pattern of TaSi showing 2H-phase at 528 K; 
10. Same diffraction pattern as figure 9 at 616 K.; 11. Diffraction patterns at 441 K (i.e. after 
slow cooling) at which the superlattice spots seem to reappear. 12. Same diffraction pattern as 
figure 11 at 300 K. 

the specimen again to room temperature the phase reappeared. Thus it can be 
concluded that the phase shown in figure 12 is reversible in the temperature range 300 
to 540 K. 

Diffraction patterns obtained from TaSj crystals intercalated by copper (De Ridder 
et al 1976,1977; van Tendeloo et al 1976) are exactly similar to the one reported above. 
.Moreover, these patterns are also having a reversible phase occurring over a certain 
temperature range. 


II 
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Comparing the similarity of our patterns with those of De Ridder et al (1976,1977) 
and van Tendeloo et al (1976), it is quite plausible to attribute the occurrence of the 
reversible phase in our specimen to some type of intercalation. Since the crystals were 
free from any kind of impurity it is more reasonable to consider autointercalation, 
which is quite probably due to Ta atoms, since when TaS^ crystals are grown by direct 
vapour transport, along with the single crystals of TaS 2 one also observes needles or 
whiskers. 

Diffraction pattern taken from these whiskers at and just below room temperature 
(figures 13 and 14) exhibit very faint streaks of diffuse intensity parallel to the close 
rows of Bragg reflections. The similarity of these diffraction patterns with those of TaSg 
suggests that the whiskers are not of TaS 2 but are in fact of TaSg. That this is indeed the 
case can be seen from x-ray diffraction studies described below. 

The powder diffraction pattern for the whiskers is shown in figure 15. When d values 
computed from this photograph are compared with the d values for TaSj in the astm 
data (table 4), it is seen that there is a remarkable degree of correspondence between the 
two data, thus indicating that the whiskers are due to TaS 3 . The additional d values 
which do not correspond with the data for TaS 3 are in fact due to TaS 2 . This is quite 
logical since the whiskers of TaSs grow along with the crystals of TaS 2 . 

The whisker growth indicates that some tantalum atoms which are in excess can sit 
between the TaSi layers and thereby lead to autointercalation. 

This conjecture is further supported by the edax analysis of the regions showing the 
superlattice spots and the regions devoid of superlattice spots. It is conclusively seen 
from this study that regions showing superlattice spots show excess of tantalum in 
them. 



Figures 13, 14. Diffraction patterns taken from TaSz whiskers. 
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Table 4. d values for TaSj whiskers. 


d 

observed 

(A) 

d 

ASTM-data 

(A) 

9-252 

9-20 

7-565 

7-01 

5-9643 

4-77 

4-793 

4-68 

3-88S 

4-60 

3-537 

3-79 

3-372 

3-51 

3-257 

3-31 

3-123 

3-07 

2-946 

2-981 

2-747 

2-931 

2-652 

2-900 

2-398 

2-780 

2-347 

2 546 

2-222 

2-385 

2-091 

2 338 

1-976 

2-321 

1-904 

2-242 

1-847 

2-211 

1-757 

2-166 

1-656 

2-066 

1-616 

1 941 

1-594 

1-897 

1-419 

1-848 


5.2 IV^Se^ 

5.2a Phase transformations indicated from diffraction patterns: Reversible phase 
transitions similar to TaSj also occur in W 3 Se 4 crystals grown by taking tungsten and 
selenium in stoichiometry by a direct vapour transport method. 

A diffraction pattern obtained at room temperature from a thin specimen prepared 
from W 3 Se 4 crystals is shown in figure 16. This pattern clearly resembles figure 12. 
Here also one sees a Ioq hexagonal superladice pattern. 

Different diffraction patterns that are produced with decreasing temperatures are 
shown in figures I7a-d at 249,175,158 and 109 K respectively. A careful study of these 
figures reveals the following features: (i) All the patterns show a Iuq hexagonal 
superlattice pattern (ii) Starting from room temperature, as the temperature is 
lowered, faint streaks start appearing along the line joining the superlattice spots. The 
intensity of this streaking goes on increasing with the decrease in temperature (iii) At a 
temperature of about 175 K a new phase starts appearing in the form of superlattice 
spots lying exactly midway between the superlallice spots formed earlier. The intensity 
of these spots goes on increasing as the temperature is lowered (iv) In figures 17b-d, it 
can be noted that around each matrix spot all the superlattice spots lie on a circle of 
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Figure 18. Electron diffraction patterns (while heating) of W 3 Se 4 at a. 313 K, b. 426 K, c. 496 K. 
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diffuse intensity (v) The superlattice spots appearing at the temperature of 175 K are 
not very sharp and have a slight elongation. Similarly the diffraction patterns obtained 
on heating the specimen at 313, 426 and 496 K from room temperature are shown in 
figures 18a-c respectively. 

It can be noticed from these patterns that the intensity of the superlattice spots goes 
on decreasing and finally at 459 K, they completely disappear giving rise to only the 
basic 2H structure. 

The order depicted by the superlattice spots can be due to the presence of ordered 
domains in the structure. In order to verify this conjecture we tried to make dark field 
images with the superstructure spots. In such images if the order is because of domains, 
then different areas of the region from which the image is being formed will show 
different contrast. In the present case it was observed that the contrast is uniform, 
practically all areas of the region show uniform shade contrast. 

In order to study the c-axis of the superstructure the specimen stage was tilted to 
bring other sections of the reciprocal lattice in view. In the diffraction patterns so 
obtained one notices continuous streaking along the c-axis which indicates a large 
amount of disorder in this direction. 

Since the order represented by the superlattice spots is not because of ordered 
domains, it can be due to autointercalation. In some regions atoms of either W or S 
occupy positions between the Se-W-Se layers and give rise to the intercalation. Such 
intercalated specimens can give rise to an ordered diffraction pattern observed above. 

The fact that the order goes on increasing as the temperature is lowered and vanishes 
completely as the crystal is heated can be easily attributed to the thermal vibrations of 
the intercalated atoms. 

The appearance of a new phase at 175 K is predicted by the streaking of the spots in 
the diffraction pattern. 
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Details of an imaging atom probe 
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Abstract. An imaging atom probe has been incorporated in a conventional field ion 
microscope in our laboratory. The principle and instrumentation of the probe has been 
discussed. 

Keywords. Field ion microscope; imaging atom probe; high voltage pulser. 


1. Introduction 

An alternative to the field ion microscope atom probe (hmap) is the imaging atom probe 
(lAP) (Panitz 1974). An iap allows the estimation of chemical composition over a large 
area of a field ion specimen, while maintaining the excellent spatial resolution of the 
original atom probe developed by Muller et al (1968). This makes the iap very much 
suitable in cases where the composition changes rapidly over a distance of few atom 
diameters—a situation often encountered at interphase interfaces, grain boundaries 
with segregation and other lattice inhomogenities. Section 2 gives the principle of an 
IAP. Section 3 describes the instrumentation and section 4 presents the experimental 
observations. 


2. Principle 

In a conventional fim the atoms of the specimen surface can be field evaporated as ions 
by applying high voltage pulses of few nsec width over the standing d.c. potential. The 
disorbed species drift towards the detector at a velocity determined by their mass to 
charge ratio and the total applied potential to the specimen for field evaporation. The 
detector is then gated on after a delay which corresponds to the drift timeof a particular 
species. The image on the screen then gives the distribution of the selected species over 
the specimen surface. 


3. Instrumentation 

Figure 1 shows the schematic of an iap. The microscope is a conventional fim 
comprising of a stainless steel vacuum chamber, vacuum pumping system, cryostat for 
cooling the specimen and a cema for image intensification. 

The heart of the special instrumentation for iap is the high voltage pulsers, shown 
schematically in figure 2. Unlike the conventional pulsers using krytrons or mercury- 
wetted relays these pulsers use a novel method for generating pulses of « M kV 
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Figure 1. Block diagram of tap. 




Transistor 



V — 


Figure 2. Schematic of high voltage pulser. 


amplitude with pulse widths of a few nsec. The circuit is completely solid state and uses 
the controlled avalanche breakdown of a chain of n-p-n transistors. Ten transistors 
(2N2222) are connected in cascade as shown in figure 2. The circuit is biased by a 
1-5-2 kV power supply through a 120 k 0 resistor in such a manner that the of the 
individual transistors are very close to the collector-base break down voltage. When a 
TTL (5 V) pulse is applied to the base of the transistor, at the bottom of the chain it 
saturates and the applied voltage gets redistributed among the remaining transistors. 
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This redistributed voltage is arranged to be greater than the breakdown voltage so that 
the entire chain goes into the avalenche breakdown mode. The sustaining VcE of the 
transistors under avalanche breakdown is less than the breakdown voltage itself, 
because the transistor characteristics fold over (Milhnan and Taub 1965). Thus a 
negative pulse appears at the collector of the transistor at the top of the chain. This 
pulse is too wide to be used directly and is about 1 kV in amplitude. The rise time of the 
pulse is also quite large though fall time is to the order of a few nsec. This pulse is then 
shaped.by a delay line differentiator and then stepped up by a 1:2 pulse transformer to 
obtain a positive pulse of up to M kV amplitude with a rise time and fall time of 
« 5 nsec. 

Two such pulse generators are used and sequentially triggered. The trigger pulses to 
the pulse generators are delayed by means of a delay generator which uses a monoshot 
to generate delays upto 1 nsec in steps of 10 nsec. The two generators are isolated and 
completely shielded from each other to prevent spurious triggering of second pulser. 
The CEMA pulser has to drive a capacitance load of approximately 400 pF and hence 
appropriate compensation networks are also incorporated in the design. The high 
voltage pulses with delay are shown in figure 3. 

4. Experimental observation 

The pulses have been connected to the system to achieve the following results: 

(i) By applying the pulse to the specimen, superimposed on the operating d.c. 
voltage, controlled field evaporation has been observed. This helps primarily in shaping 
the specimen to get the field evaporated end form without specimen failure as is often 
the case with uncontrollable d.c. field evaporation. 



Figure 3. High voltage pulses showing the main pulse (top one at the beginning) and the 
delayed one (bottom). The main pulse is « 1-5 kV and delayed pulse « 500 V. The delay is 
200 nsec/div. 
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(ii) With pulse applied to cema, gated nM image has been observed with extremely 
low gas pressure. Further experiments to get iap pictures were not successful due to 
poor detector performance. 

5. CoDclosion 

A new method of producing high voltage pulser has been described. Application of 
these pulsers for construction of an iap is discussed. 
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Field ion microscopic observations of LaBg on tungsten 
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Abstract. The importance of field ion microscopy as a unique surface microscopic technique 
has been pointed out with particular reference to the lanthanum hexaboride (LaB6)-deposited 
refractory metal cathodes. In the core, field ion microscopic observations of LaB^ deposited 
tungsten are described. The observations are discussed in relation to the field electron emission 
microscopy of LaB^/W system. The paper ends with a few comments on the scope of further 
study of this or a similar system using the field ion microscopy and the atom probe field ion 
microscope. 

Keywords. Field ion microscopy; lanthanum hexaboride; tungsten field evaporation; 
atomistic behaviour. 


1. Introduction 

In the studies of atomic adsorption on a substrate lattice, it is usually difficult in practice 
to define the structure of the substrate on atomic scale. The field ion microscope (hm) 
allows us to observe individual atoms on an atomically smooth surface on various 
crystallographic planes in a single experiment (Muller and Tsong 1969). 

Lanthanum hexaboride (LaBg) has been a material of interest because of its excellent 
electron emissive properties (Lafferty 19S1). Field electron emission properties of 
LaBg-deposited tungsten have been investigated earlier (Dharmadhikari et al 1977, 
1979). The adsorbed species were observed to agglomerate on the regions around {111} 
and {001} planes of tungsten. The work function of the composite surface also reduced, 
as in any other case of electropositive adsorption in general. Studies on coadsorption of 
lanthanum and boron by Okuno et al (1978) by field emission microscopy also 
suggested that lantlumum is located outside the substrate surface, boron remaining 
intermediate. It was, therefore, important to study the adsorption of LaB^ on tungsten 
using FiM in order to shed more light on the atomistic behaviour. 

2. Experimental 

An all-metal bakeable chamber, evacuated to 10"® torr by a combination of oil 
diffusion pump and a sputter ion pump, was used for this purpose. The specimen was 
mounted on a specimen manipulator and cooled to liquid nitrogen temperature by 
means of a copper braid. The microscope was equipped with a microchannel plate 
image intensifier and a fluorescent screen. The LaBg source was made by cataphoretic 
deposition of LaBg powder onto a clean tungsten spiral. The source was mounted on a 
three pin feed-through'to facilitate resistive heating. A molybdenum cylinder around 
the source served as a mask to avoid unwanted deposition on insulating parts. The 
source was degassed thoroughly in vacuum prior to deposition. Helium was used as an 
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imaging gas, which could be admitted through an all-metal valve. The tungsten wire 
was annealed at 1500°K in vacuum, before making the tip by electrochemical etching. 

Initially, the tip was imaged and field evaporated to obtain the end form. The 
chamber was then re-evacuated to 10"® torr and the specimen was manipulated to face 
the source. The adsorbate dose was pre-fixed by choosing the heating current and the 
duration of heating. Hie tip could be heated to a desired temperature by resistive 
heating in order to equilibrate the adsorbate over the surface. It was then manipulated 
back and the image was observed by re-admitting the imaging gas to a pressure of 10 " ^ 
torr. Temperatures of the tip and the source, when heated, were measured by optical 
pyrometer. 


3. Results 

3.1 Clean tungsten 

Figure 1 (a) shows the fim of field evaporated tungsten surface cooled down to liquid 
nitrogen temperature, imaged at the helium pressure of 10“^ torr, in static mode. 

3.2 In situ deposition 

The adsorbate source was heated to 2100°K for 10 sec with the tip held at liquid 
nitrogen temperature. During deposition, the tip temperature was expected to rise by 
not more than 50°K. Figure 1 (b) shows clusters of the adsorbate atoms, randomly 
deposited on tungsten. 

3.2a Substrate heated to 1200°^ for 30 sec: Three more doses, equivalent to the first 
one, were deposited onto the tip which was subsequently heated to 1200°K for 30 sec. 
The pattern in figure 1 (c) appeared at the best imaging voltage (biv) 2*3 kV. This pattern 
shows clusters of adsorbate on regions surrounding {121} planes of the substrate. 

3.2b Substrate heated to 1650®JC for 30 sec: Lanthanum hexaboride was again 
evaporated from the source and the substrate tip heated to 1650°K for 30 sec. The 
specimen was manipulated to bring one of the (001} planes in the field of view, as seen 
in figure 1(d). Qearly, growth is observed on {111} and {001} planes. Due to migration 
of the substrate tungsten atoms, the tip got blunted. 

3.3 Field evaporation 

As the field evaporation was carried out, the biv rose steadily, the pattern remaining 
stable after the removal of every layer. However, the evaporation voltage was always 
only slightly higher than the imaging voltage and less when compared with the 
evaporation voltage for clean tungsten. Figure 1 (e) shows the adsorbate covered surface 
with a few layers of adsorbate removed. Epitaxially grown layers on the {111}, {001} 
planes and the terraces joining {111} and {121} planes are clearly depicted. Figure 1 (f) 
shows the field evaporated surface with a few interstitial atoms, particularly in the {011} 
planes. A few displaced atoms are also seen. The surface structure becomes more and 
more ordered after subsequent field evaporation. 

At this stage, the {011} and the {111} and {001} planes had different biv. 
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Figure la-f. a. Image of the field evaporated tungsten surface cooled down to liquid 
nitrogen temperature at the helium pressure of 10"® torr (Biv 2-76 kV). b. Clusters of the 
adsorbate atoms (LaB^), randomly deposited on tungsten (Biv 2.5 kV). c. Clusters of 
adsorbate on regions surrounding 121 planes of the substrate. Substrate heated to 1200 K for 
30 sec at biv 2-3 kV. d. Image of the blunted tip showing the segregation on {111} and (001) 
planes (substrate heated to 1650 K for 30 sec, biv 3*66 kV). e. Image of the adsorbate covered 
surface with a few layers of adsorbate removed (biv 4-4 kV). f. The field evaporated surface 
with a few interstitial atoms, particularly in the {011} planes. 
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Figures Ig-i. g. Dependence of field evaporation on Biv ({011} planes best imaged; 
BIV S‘2 kV). h. Dependence of field evaporation on BIV ({111} and {001} planes best images; 
BIV 44 kV). i. Image of the clean tungsten pattern after continued field evaporation (biv 5 kV). 

Figures 1 (g, h) depict this difference. This could be attributed to the difference in local 
curvatures. 

Continued field evaporation led to the clean tungsten pattern seen in figure l(i). 

3.3a Further heating of the tip: It was observed that heating the tip in vacuum at 
1200®K did not result into blunting phenomenon. Also the adsorbate deposited on the 
tip shank migrated to the {111} and {001} planes due to heating and the same sequence 
of patterns during field evaporation was observed. 


4. Discussion 

4.1 Epitaxial growth 

Reproducible epitaxial layers are formed on {001} and {111} planes and terraces 
between {001} and {121} planes. The biv dropped to a low value as compared to 
tungsten. The observed growth was compatible with our earlier investigations using 
field electron emission microscopy. 
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4.2 Substrate-adsorbate interface 

The tungsten surface stripped off all the adlayers shows deformed atom rings. This 
could be caused by the lattice deformation on heating the substrate to a temperature at 
which migration of substrate atoms sets in. This results in the reconstruction observed 
in these patterns (Bassett 1965). It was observed that the removal of three to four {111} 
layers again resulted into well-ordered tungsten pattern. 

4.3 The imaged species 

Field evaporation from the overgrown regions occurred at voltages well below that 
required to remove tungsten atoms from the otherwise clean surface. Thus, the adlayers 
proved to be marginally stable for the helium ion microscopy at 78°K. The behaviour of 
the adlayers is typical of metallic adsorbates. Electronegative adsorbates usually are not 
imaged (Forbes 1971). Lanthanum is known to be electropositive and boron 
electronegative with respect to tungsten. The co-adsorption studies of lanthanum and 
boron on tungsten (Okuno et al 1978) and our earlier results using field electron 
emission microscopy of LaBg/W system (Dharmadhikari et al 1977,1979), indicated 
that lanthanum layer at the co-adsorbed surface is responsible for the observed 
lowering of work function of the composite surface. Also, the ionization probability is 
higher al the sites of enhanced positive charge. Geometrically, boron atoms being 
smaller in diameter as compared with tungsten, can fill the surface interstitials, while the 
lanthanum atoms being large in diameter as compared with the other two, remain 
outside the surface contributing to the observed image. All these factors tend to suggest 
that the imaged species are lanthanum atoms. 
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Abstract. Metallic glasses are a.new class of materials produced by rapidly quenching the 
melts at rates often exceeding a million deg/sec. These have been found to display an optimum 
combination of properties such as high strength, good bend ductility, improved corrosion 
resistance and excellent soft magnetic properties. Thus, metallic glasses are emerging as 
economically viable competitors to conventional engineering materials. 

A clear understanding of the atomic structure of metallic glasses and its change during 
annealing are of prime importance. Although techniques such as held-ion microscopy (fim) x- 
ray diffraction and small angle x-ray scattering have been employed for this purpose, high 
resolution electron microscopic (hrem) investigations conducted during the last few years 
aided greatly in deriving information on the atomic scale. Availability of high-voltage high- 
resolution electron microscopes has been mainly responsible for this happy situation. 

Studies on several metallic glasses have revealed that hrem images contain well-defined 
pattern of fringes over local regions, even though the diffraction pattern is that of a typical 
amorphous structure. The details of structure in the early stages of crystallization derived 
through HREM, FiM and analytical microscopic techniques are presented and discussed. 

Keywords. Metallic glasses; glass-forming ability; melt quenching: rapid solidification 
techniques; crystallization behaviour; high-resolution microscopy; analytical microscopy. 


1. Introduction 

Metallic glasses are a new class of potential engineering materials which have come into 
prominence during the 1970s (Anantharaman 1982; Gilman 1980; Chen 1980). These 
are glassy in the sense that the atomic arrangement is random (non-crystalline), but 
differ from the conventional glasses in that they are not transparent, are not brittle and 
do not contain borates, silicates etc. Although non-crystalline solids can be prepared by 
methods such as vapour deposition (Chopra 1969), sputtering (Dahlgren 1978), laser 
treatment (Poate and Brown 1982), electrodeposition (Brenner 1963; Simpson and 
Brambley 1971), ion implantation (Grant 1978; Borders 1979; Picraux and Choyke 
1982) and rapid quenching from the liquid state (Duwez 1967,1979; Cahn 1980), purists 
reserve the term 'metallic glasses' only to those that are produced by rapid quenching 
from the melt. The present article deals with the high resolution and analytical 
microscopic studies of metallic glasses with a view to understand their structure and its 
effect on the properties. 

2. Classification of metallic glasses 

The first metallic glass was produced in 1960 by Professor Pol Duwez and his 
colleagues at the California Institute of Technology, Pasadena, USA (Klement et al 
1960). A few milligrams of the Au-25 at. % Si eutectic alloy were rapidly quenched from 
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the molten state by the “gun” technique. In this method, a molten droplet is atomised 
and allowed to solidify instantaneously in the form of a thin film on a good heat 
conducting substrate such as copper so that heat is removed rapidly through the process 
of conduction (Duwez and Willens 1963). Since this pioneering effort, literally several 
thousands of alloy compositions have been quenched into the glassy state (Jones and 
Suryanarayana 1973; Takayama 1976; Suryanarayana 1980b). Even though it is a 
formidable task to classify these metallic glasses in a systematic way, traditionally they 
are broadly grouped under two categories viz (i) metal-metalloid and (ii) metal- 
metal. 

The metal-metalloid category can be represented by the general formula 
'475-85 ®i 5-25> whcre A represents the metal and B the metalloid. The metal can be 
either an early transition metal (Ti, Zr,...), a late transition metal (Fe, Co, Ni,...) or a 
noble metal (Au, Pd, Pt,...) while the metalloid can be either B, C, P, Ge or Si. 
Combinations of metals constituting about 80 at.% and combinations of metalloids 
constituting about 20 at.% can also be used. Some of the famous and useful 
compositions are PdgoSijo, FcgoBjo, Fe4oNi4oBjo. Fe 4 oNi 4 oPi 4 Bg, Fe 8 oPi 3 C 7 , while 
an exotic composition is WjjMojoCri jFejNijPgBgCjSij. In the above alloys and in 
many others, the ratio of metal to metalloid is almost always 80:20. Recently, however, 
metal-metalloid glasses with a metalloid content much higher than 20 % have also been 
detected (Inoue et al 1979). 

The metal-metal category, on the other hand, contains only metals. The metals can be 
either (a) transition metals, (b) rare-earth metals, (c) alkaU-metals or (d) uranium, 
neptunium or plutonium (Suryanarayana 1980a). An important difference of this group 
from the commercially more useful metal-metalloid category is that glasses in the 
metal-metal category are formed in a wide composition range from as low as 10 at. % to 
as high as 50 at.%. Typical compositions of this category are CojoZrjo, Hf 8 oNi 2 o, 
La 7 £Au 24 , Ca 73 Zn 27 , Zr 64 Ni 36 , U 6 oCr 4 o. Some well-investigated compositions in¬ 
clude CujoZrjo, Mg7oZn3o and Ni 6 oNb 4 o. 


3. Glass-forming ability 

A pure metallic melt has not been so far quenched into the glassy state, even though 
hundreds of binary, ternary and more complex alloys could be made glassy. To form a 
glass, a metallic melt must be solidified sufficiently rapidly, exceeding a critical rate R„ 
such that spontaneous crystallization is avoided. The value of can vary from as low as 
10^ ksec~‘ for Pd 4 oNi 4 oP 2 o to as high as 10® ksec“‘ for Fe^oBiQ. In principle, any 
alloy can be made glassy if the critical cooling rate is exceeded. However, with the 
presently available cooling rates, only some alloys could be quenched to form glasses. 

Based on the experimental observations, several criteria have been suggested to 
indicate easy glass formation. The most used criterion is the reduced glass temperature, 
r,, representing the ratio of the glass transition temperature T, to the melting point of 
the alloy The higher the value of the easier it is for the alloy to form a glass. Since 
Tg varies much less rapidly with composition than T^, alloys at the eutectic composition 
will have very low T„ and consequently very high Tg,. The observation that several alloy 
compositions around deep eutectics can be easily made glassy lends support to this 
criterion (Nielsen 1979). Other criteria proposed include (i) a minimum disparity of 
atomic sizes between the two constituents (more applicable to metal-metalloid glasses); 
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the ratio of atomic radii should be in the range of 0-59-088, (ii) a high hole formation 
enthalpy (Buschow 1982), (iii) chemical short-range order in the melt such that the 
local composition in the melt differs substantially from any stable crystalline species 
(Sommer 1982). In addition, an electronic criterion that 2k^ = Kp where is the Fermi 
energy wave vector and Kp is the position of the first peak in the diffuse x-ray scattering 
curve, has been proposed by Nagel and Tauc (1977). In spite of these sever^ criteria, it 
has not been possible to explain the glass-forming ability of the various alloy systems. It 
appears that different criteria may apply to different systems. Cahn (1983) has 
recently published a review on this aspect. 


4. Methods of production 

The gun technique referred to earlier (Duwez and Willens 1963) gives the highest 
cooling rates attainable amongst the melt-quenching techniques. However, this method 
suffers from the disadvantage that it produces porous foils of irregular cross-section. As 
such these products are not amenable to property studies. Furthermore, only small 
quantities can be produced at a time (in other words, this is a batch process) and thus 
industrial applications cannot be visualised for these products. The piston-and-anvil 
technique (Pietrokowsky 1963), though again produces only small quantities at a time, 
yields large foils of uniform cross-section and has been used quite extensively. These 
limitations prompted the development of methods for continuous production of foils, 
tapes and wires of uniform cross-section. The popular methods of today include the 
twin-roller (Chen and Miller 1970), melt spinning (Hubert et al 1973), melt extraction 
(Maringer and Mobley 1974) and planar flow casting (Narasimhan 1979). Figure 1 
shows the principles of these four methods. In the twin-roller technique, a stream of 
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Figure 1. Diagrams showing the principles of the four common and popular melt-quenching 
techniques. 
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molten metal is rolled into a sheet or tape between two conducting rolls rotating in 
opposite directions. In melt spinning, by far the most popular of the rapid quenching 
methods of today, a stream of liquid metal is made to strike the outer rim of a fast- 
rotating disc. The centrifugal force acts to throw the ribbon off the disc. The tapes 
produced have a width of a few millimeters and a thickness of 50-100 /im. Melt 
extraction is slightly different from melt spinning in that the melt source is stationary, 
and the edge of a rotating disc or wheel picks up the melt to form filaments. The planar 
flow casting process employs a nozzle with a slotted orifice and positioned to be almost 
in contact with the surface of the rotating disc. Ribbons up to 15 cm in width have 
already been produced by this technique and it is claimed that ribbons with 30 cm width 
will be produced in the near future. 

Since the thickness of the tapes produced by all the above methods is at least about 
50 fim, these have to be electrolytically thinned for tem investigations. 


5. Properties of metallic glasses 

The main reason for intensive worldwide activity in the field of metallic glasses is that 
these materials have the best combination of physical, chemical and mechanical 
properties. 

Metallic glasses are very hard (with a hardness value as high as 1300 kg/mm^ for 
Fe 75 B 25 and 1700 kg/mm^ for Fe 5 5 Mo 4 oB 5 ) and very strong. For example, the tensile 
strength of Fe 6 oCr 6 Mo 6 B 28 glass is 4800 MPa while that of an ausformed crystalline 
18 % Ni steel is only 2000 MPa. The bend ductility is fairly high, although in tension, 
they withstand only about 1 % strain. This high bend ductility is maintained almost up 
to the crystallization temperature in many glasses. Since alloys containing light metals 
such as Ti and Be can also be made strong glasses, the strength to weight ratio is much 
higher than is possible in crystalline alloys (for a comprehensive recent review on 
mechanical properties of metallic glasses please see Li 1981). 

Because of the random atomic arrangements, metallic glasses have electrical 
resistivity 2-3 times higher than their crystalline counterparts. In addition, the 
temperature coefficient of resistivity is small and often negative (Cote and Meisel 1981). 
The phenomenon of superconductivity is also observed in metallic glasses; the highest 
transition temperature recorded is only about 9 K. But, they have a high critical field 
and their properties can be modified by suitable heat treatment (Johnson 1981; Inoue 
and Masumoto 1981; Suryanarayana 1983). 

Another interesting feature of metallic glasses is their high corrosion resistance. 
Alloys containing additions of Cr and P have been found to have better corrosion 
resistance than even stainless steels (Masumoto and Hashimoto 1980; Waseda and Aust 
1981). Certain glasses can also act like selective catalysts (Brower et al 1983). 

Metallic glasses have outstanding magnetic properties. They are magnetically soft, 
have a reasonably high saturation magnetization, very low coercivity, zero magnetos¬ 
triction and high electrical resistivity. Further, because of the absence of crystallinity, 
metallic glasses are magnetically isotropic. In view of this excellent combination of 
properties, applications for these materials in transformer cores, tape recorder heads, 
magnetic shielding, motors, transducers, amplifiers, etc are being seriously considered 
(Luborsky 1980; Masumoto and Egami 1981). 

In spite of the superior properties achieved in metallic glasses, during annealing they 



Metallic glasses 


583 


undergo drastic changes. For example, after crystallization (sometimes even before) 
they are very brittle. The magnetic and electrical properties also show substantial 
changes even before the onset of crystallization. All these are expected to be related to 
the modifications in the glassy structure of the alloy and thus high resolution electron 
and field-ion microscopic studies will aid in understanding these changes due to low 
temperature annealing. 


6. Structure 

A crystalline solid is characterised by a periodic distribution of the constituent atoms in 
three dimensions. The diffraction patterns from crystals consist of a series of sharp 
spots (single crystals) or rings (polycrystalline samples). While the positions of these 
spots/rings give an idea of the dimensions and angular relations of the unit cell, the 
intensities help in determining the precise locations of the constituent atoms. Metallic 
glasses, on the other hand, possess a disordered structure and their diffraction patterns 
show two or three broad diffuse rings. From these, it becomes experimentally 
impossible to derive complete information regarding the atomic arrangements in 
metallic glasses. 

From the intensity data, one can, however, calculate the radial distribution function 
(rdf), which is equal to 47cr^p(r), where p{r) is the average number density of atoms at a 
distance r from any atom chosen as the origin. The rdf provides an average structure 
and indicates the approximate distance r (peak positions) and numbers (peak areas) of 
first, second, etc nearest neighbours. It does not, however, indicate the angular positions 
of the neighbours, wherein lies the lack of detail (Cargill 1975). 

An alternative representation of the structure is provided by the reduced rdf, G{r) 
= 47cr [p(r) — po]> where Po is the density of the glass. Figure 2 shows this function for a 
variety of metal-metalloid passes. Analysis of the first peak indicates that the number of 
first nearest neighbours is of the order of 11-5 to 13 and that the near neighbour distance 
is about 2% greater than the respective 12-cooridinated Goldschmidt diameter of the 
metal species. From these results it appears that metallic glasses are close-packed 
materials. Figure 2 further shows that the relative positions and heights of higher order 
peaks are approximately the same and that the second peak is always split, with the 
higher spacing peak diminished relative to the first. The split in the second peak 
distinguishes the rdf’s of metallic glasses from those of liquids, where the split is absent. 
It is important to note here that the curves do not provide any information concerning 
the environment of a metalloid atom. Thus, in order to more fully characterise an n- 
component glass, one must perform separate scattering experiments utilising n{n + l)/2 
different wavelength radiations. This has been done only in a few cases (see for example, 
Waseda 1980,1981) and the results clearly indicate that no two metalloid atoms can be 
nearest neighbours. 

The next step in the analysis of the structure is to start with a model, calculate the 
theoretical rdf from this (with the help of a computer) and compare it with the 
experimental rdf. Recently, Livesey and Gaskell (1982) introduced the concept of a 
figure of merit for evaluating the accuracy of rdf’s. 

The concept of dense random packing of hard spheres (drphs) introduced by Bernal 
and developed by Finney (1979), originally to explain the structure of liquid metals, has 
found favour for the structure of metallic glasses as well. This is natural because metallic 
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glasses can be considered as frozen-in liquids and so their structures are expected to be 
similar. Figure 3 shows the remarkable agreement between the experimental and 
r^lciilatftd rdf’s for Ni 76 P 24 . In spite of this, the model takes into account the presence 
of only the metal atoms in the alloy and the packing fraction is only about 0-63, which is 
about 10% less than the value computed from measured densities. To overcome this 
limitation Polk (1972) proposed that the metal atoms form essentially a drphs structure 
and the metalloid atoms occupy the larger holes characteristic of the drphs structure, 
which was contested by Gaskell (1979) on the ground that to accommodate, without 



Figure 3. Comparison of reduced radial distribution functions G(r) for Finney's drphs 
structure and for amorphous (Cargill 1975). 
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distortion, 20% of metalloid atoms even in the largest holes, the diameter of the 
metalloid atom must be ^ 0-48 of the metal atom diameter. And this is true of only 
boron and carbon and not of other metalloids. Turnbull (1981) points out that the size 
of the metalloid is reduced to fit the available interstitial space. In other words, the 
metalloid atoms adjust to the environment. Modifications to the drphs model include 
relaxation (Boudreaux and Gregor 1977) of soft spheres, which gives a packing factor of 
069-0*7, in agreement with values deduced from density measurements. 

Fujita (1982) proposes intermediate-range ordering in amorphous solids and works 
out the diffraction theory for Fe 8 oB 2 o (Hamada and Fujita 1982) and shows that there 
is excellent agreement between the model and the experiment. 

Another model which finds favour at present seems to be the one proposed by 
Gaskell (1979). The origin of this model lies in the observation that during hrem of 
amorphous alloys, structural units as large as 1*5-2 nm are observed (Gaskell et al 
1979). The ‘microcrystalline’ model will be insufficient to explain this. Further, this 
would require a large amount of boundary volume and an accompanying density deficit 
larger than the 1-2% observed (Cargill 1970, 1981), Thus, Gaskell (1979, 1982) 
proposes the existence of structural units (containing 200-400 atoms) in which the 
atoms are crystallographically defined and twinning planes, in three dimensions, 
comprise the interface. These units are packed to give essentially random long-range 
structures. These structural units have been identified to be trigonal prisms, which can 
be dissected (distorted) into tetrahedra and octahedra similar to those existing in 
crystalline interstitial phases. Thus, the local and, perhaps, medium-range structure of 
metallic glasses resemble in detail the structure of the corresponding crystalline phase. 
Experimental confirmation of this model is provided by Mehra et al (1983) from their 
studies on Ru-Zr-B alloys, where they show that irregular prismatic packing based on 
RU 2 B crystal gives good fit of the observed rdf’s, while the drphs model cannot give 
even a moderate agreement. 

All the above models have been proposed specifically for the metal-metalloid glasses. 
The Polk model ably expleiins the 80:20 ratio of metal to metalloid atoms based on 
DRPHS model. The model of Gaskell also is in a position to explain the composition 
ranges of 15-25 at. % metalloid on the basis of the existence of crystalline compounds of 
the type A 3 B and A^B. However, very few models have been proposed for metal-metal 
glasses. These pose more problems in view of the wide range of compositions where 
glasses form. Wang (1979) proposed a model, involving random stacking of inter¬ 
penetrating Kasper polyhedra, which successfully explained the observations made on 
sputtered W-Fe, Ni-Nb, etc amorphous alloys produced at equiatomic compositions. 
Finney (1979) raised doubts about its applicability in three dimensions. 

It must be emphasised, however, that the problem of the structure of metallic glasses 
is far from solved. Other techniques such as small-angle x-ray scattering (Osamura et al 
1979,1981,1982) Mossbauer spectroscopy (Fujita 1981), nuclear magnetic resonance 
(Durand 1981), extended x-ray absorption fine structure studies (Hayes et al 1978) and 
HREM techniques can also aid in determining the structure of metallic glasses and efforts 
are being made in this direction. 

7. Crystallization behaviour 

Since the crystalline form of alloys is the lowest energy configuration, metallic glasses 
can be considered metastable. On continuous heating, metallic glasses will first lower 
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their energy by relaxing to a more stable glassy state and then at still higher 
temperatures (above the crystallization temperature), they crystallize into the most 
stable phases (Scott 1980). The crystallization temperature depends on the alloy system 
under consideration and can vary from as low as 380 K (for Mg 7 oZn 3 o) to as high as 
1225 K (for a complex tungsten-base alloy). The crystallisation temperatures can be 
determined with the aid of a differential scanning calorimeter. Irrespective of whether it 
is a metal-metalloid or a metal-metal glass, the decomposition behaviour can be 
represented by the general sequence (Masumoto and Maddin 1971; Suryanarayana 
1980a). 

Amorphous amorphous' MS I -► MS II -► stable phases where amorphous' 
represents the relaxed amorphous structure and MS I and MS II represent metastable 
phases. While the Japanese workers prefer the above representation, Koster and 
Herold (1981) proposed that crystallization reactions can be classified into three 
groups: 

(i) Polymorphous crystallization in which the metallic glass crystallizes without any 
change in composition into a supersaturated solid solution or a metastable or stable 
cryst^ne compound; (ii) Primary crystallization, in which the first crystals to form will 
have a composition different from that of the glass; and (hi) Eutectic crystallization 
where simultaneous crystallization of two crystalline phases occurs by a discontinuous 
reaction. 

It is possible to relate these two classifications. Polymorphous crystallization is rare, 
but can be considered as equivalent to the formation of MS I or directly the stable 
phase. This is possible only in concentration ranges encompassing a stable compound 
in the equilibrium diagram. Primary crystallization is equivalent to the formation of 
MS I followed by MS II containing higher solute contents. Eutectic crystallization is 
equivalent to simultaneous formation of MS I and MS II from the amorphous matrix. 


8. High-resolution and analytical studies 

HREM, field-ion microscopy and analytical microscopic techniques are helpful to 
determine the structure of metallic glasses (so far, this had only limited success) and to 
characterize the products of early stages of decomposition. 

8.1 As-quenched structure 

Electron micrographs recorded from metallic glasses at 100 kV do not show any 
contrast at normal resolution level (figure 4). The selected area diffraqtion pattern 
shows only a diffuse halo. This observation brings out the limitation, that even if 
microcrystals were to be present, the resolution limit of 100 kV instruments is 
insufficient to bring these out (Gaskell et al 1979). Observations made with a 500 kV 
electron microscope reveal a ‘droplet’ structure for the as-quenched amorphous Pd-Si 
alloy (Gaskell and Smith 1980), even though the diffraction pattern continues to show 
only diffuse haloes. High-resolution micrographs of these droplets reveal fringe 
patterns with a spacing of about 0-23 nm. While the fringes are very clear an thin films, 
only edges show the fringe pattern in thicker foils. This is a reflection of the decreased 
probability of overlap with disordered regions or with ordered domains not at the- 
Bragg angle. Further, the fringes have only a low contrast (even though higher than that 
observed in amorphous semiconductors, which have a low intensity first peak in the 
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Figure 4. a. An electron micrograph representing a typical as-quenched glassy structure. No 
contrast can be observed. The selected area diffraction pattern showing a broad diffuse halo is 
shown in b. 

Structure factor curve) and there are several apparently independent fringe systems per 
particle. Gaskell and Smith (1980) claim that these particles are characteristic of the 
glassy structure and suggest that the diffuse interface present distinguishes them from 
crystalline particles nucleated during annealing. (Fujita et al 1980, however, show that 
low temperature annealing at 563 K of an FegaBi, alloy, precipitates a-Fe crystals 
having a diffuse interface with the matrix). Apart from the nature of the interface, the 
size of the crystal formed during thermal decomposition is larger. These fringe patterns 
in the droplets (particles) have been shown to conform to the polytetrahedral packing 
mentioned earlier in §6. 
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A point of caution here is that the above results refer to flash-evaporated or sputtered 
films, and similar results are not reported in many melt-quenched glasses so far. In fact, 
through-focal series on several melt-quenched metallic glasses do not show any fringe 
patterns (Fujita et al 1980; Imura et al 1982; Fukamichi et al 1979,1982), but only the 
presence of coherently scattering domains 0*5-2 nm in size (probably due to limitations 
of resolution). High-voltage electron microscopy studies of these alloys have been 
carried out by Ishida et al (1982). They find that the as-quenched structure varies 
depending oh the composition, quenching method and quenching conditions. Figure 
5(a) shows an electron micrograph of a sputter-deposited Co 94 Zr 6 alloy indicating that 
it is microcrystalline. Even though the diameter of the crystals is only lQ-20 atomic 
diameters, the density of microcrystals increases with the thickness of the foil. However, 
when the Zr content is increased to 11 at. % a truly random structure without the 
presence of any fringe structure is produced (figure 5b). It is interesting to note here that 
the Co 94 Zr 6 alloy has the best magnetic properties (better than even Co 89 Zrii) even 
though it contains some microcrystallites. 

High-resolution electron micrographs of melt-quenched FjB4oNi4oPi4B6 (metglas 
2826) and wide Pd 8 oSi 2 o ribbon specimens are shown in figure |S(a) and (b), respectively. 
Although the selected area diffraction patterns from both the samples show only diffuse 
rings, the Fe 4 oNi 4 oPi 4 Bg alloy has a true amorphous structure, while the PdaoSi 2 o 
alloy shows some lattice fnnges. It is suggested that these fringes may arise due to the 
lower cooling rate (specimen width 15 mm). From these results, Ishida et al (1982) 
conclude that the details of the structure of the amorphous phase may differ from 
system to system. 

It was pointed out earlier (Ranganathan and Suryanarayana 1972) that field-ion 
microscopy can play an important role in understanding the structure of metallic 
glasses. Cotterill and Kragh (1977) observed a PdaoSi 2 o glassy sample in a field-ion 
microscope at 78 K and reported the absence of any wide-spread crystallinity. They 
reported that in some regions they could detect small clusters of atoms that are 
suggestively regular. However, other recent investigations (Jacobaeus et al 1980; Inal et 
al 1980,1981; Arise et al 1982) clearly indicate a random distribution of atoms in the as- 
quenched state. The interpretation of field-ion images is made difficult due to the fact 
that only one species of atoms is visible. There are additional problems in concentrated 
alloys (Muller and Tsong 1969). 

Jacobaeus et al (1980) imaged specimens of Fe8oB2o and Fe7pMo2B2o (metglas 2605 
and 2605A, respectively) in a field-ion microscope and found no dissimilarities in 
configurations in the as-quenched state. By careful plotting of the co-ordinates of the 
image points (representing the iron atoms), the triplet correlation of atomic positions 
was produced. This may represent the first step in the quest to remove the ambiguities 
inherent in the exclusive use of pair distribution functions in the study of the non¬ 
crystalline state. It is also possible that this type of approach will help to shed some light 
on the question of the microstructure of metallic glasses. 

8.2 Early stages of crystallization 

High-resolution and analytical microscopic investigations have been more useful in 
understanding the intricacies of the early stages of crystallization. Quite a few detailed 
studies have been undertaken in this direction in recent times. 

One of the detailed investigations concerns the crystallization behaviour of Fe-B and 
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Figure 5. ». An axial hrem of sputter-deposited Co^^Zr^ alloy. Microcrystals are seen, 
b. Micrograph of the CoegZr,! alloy. No lattice fringe is seen (Courtesy; Yoichi Ishida). 


Ni-B glasses (Fujita et al 1980). Crystallization starts with the precipitation of a-Fe 
microcrystals (primary crystallization) which have a diffuse interface with the matrix. 
These microcrystals contain further fine structures several nanometres in size. These 
crystals have a rhombic shape whose diagonal axes are parallel to the ^ 110 direction. 
Lattice imaging of the crystals confirmed that they are a-Fe and that they contain fine 
crysUllites as eviden&d by the presence of boundaries and Moir6 patterns. The 
microcrystals were found to grow only when the interface became sharp. Annealing at 
higher temperatures resulted in the formation of the FesB crystals. 
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Figure 6. a. hrem of a melt-quenched Fe 4 .oNi 4 .oPi 4 B 6 sample. Notice the true amorphous 
nature, b. Micrograph from melt>queiiched Pd 0 oSi 2 o wide ribbon. Lattice fringes can be seen 
in some areas (Courtesy: Yoichi Ishida). 


In a very interesting and thought-provoking paper, Filler and Haasen (1982) reported 
results on an atom-probe field-ion microscopic study of a Fe 4 oNi 4 oB 2 o glass and 
observed that the glass on annealing at 643 K decomposes into two amorphous phases 
(FeNi) 3 B and FeNiB of low boron content. (It was indicated that the formation of the 
(FeNi) 3 B supports the glass model of Gaskell 1979). Another interesting observation 
made by them was that 70 ± 10 % of the image spots are due to boron atoms (while 
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Jacobaeus et al (1980) assumed that only iron atoms were imaged!). Filler and Haasen 
(1982) had also analysed the kinetics of decomposition and concluded that kinetics 
seem to be governed by long-range diffusion of boron in the glassy state. A glass 
containing more than 18% boron was found to be brittle. 

Inal et al (1980) investigated the crystallization behaviour of glassy FcgoBio by 
combined x-ray diffraction and field-ion microscopy (fim) techniques. They showed 
that HM was more potent in revealing the presence and distribution of crystalline 
particles in the early stages of decomposition. As an example, they observe that while a 
sample annealed at 1053 K for 15 min shows the presence of only Fe 3 B compound in 
the x-ray patterns, ftm investigations show the presence of a-Fe particles and FcjB even 
on annealing for 45 sec at 1053 K. This is understandable because x-ray patterns show 
the average picture and may not show the presence of a phase present in very small 
quantities, while fim can show the presence of even very small volume fractions of a 
phase. However, the usefulness of nM in the last stages of crystallization is limited 
owing to the large size of the crystalline particles. An fim study of laser-induced phase 
transformations in FeBoB 2 o also revealed features similar to the above with the proviso 
that the laser beam impingement area corresponded to longer periods of anneal, and 
the regions removed from this zone show the same phase structure obtained with 
shorter periods of annealing (Inal et al 1981). 

Vitek et al (1975) report the high-resolution electron microscopic study of the 
crystallization of a metal-metal glass (Cu 6 oZr 4 o). In the early stages of crystallization, 
small crystals of a CuioZr 7 phase were detected which consisted of subgrains 30-50 nm 
in size. Since lattice fringes were not terminating inside a subgrain, it was concluded that 
the subgrains were free from dislocation arrays. 

Only a few analytical microscopic investigations have been reported in the literature 
so far. It is needless to emphasise that hrem coupled with analytical techniques can give 
a wealth of information which can resolve many of the controversies existing today. 

As mentioned earlier, precipitation of an MS I phase takes place on annealing the 
glass at the crystallization temperature. This MS I phase may have a composition which 
is the same or different from the glass composition. Diffraction patterns recorded from 
the crystals were used to measure the lattice parameter (accuracy is not very high) and 
estimate the solute content of the crystal. This can decide whether the crystallization is 
of the primary type or polymorphous type. However, energy dispersive spectroscopy 
(eds) techniques, now-a-days commonly available as attachment to transmission 
electron microscopes, can readily evaluate the composition of the crystal and decide the 
type of crystallization. Such a type of investigation was reported by Heimendahl and 
Oppolzer (1978) on Fe 32 Ni 36 Cri 4 Pi 2 B 6 (metglas 2826A). They showed that this glass 
undergoes a primary crystallization, since the crystal to form first had much less Cr and 
P and higher Fe content than the glass (B could not be analysed). A similar investigation 
was undertaken on Fe 4 oNi 4 oPi 4 B 6 (metglas 2826) and the results showed that the 
phase first precipitating was (FeNi) 3 PB (Tiwari and Heimendahl 1981). 

Since metallic glasses are non-crystalline, formation of voids is difficult to 
understand. Free volume exists in metallic glasses, but aggregation of this to form voids 
is again doubtful. However, Morris (1980) reports the observation of voids in metglas 
2826 ribbons annealed’ at 653 K. This was questioned by Tiwari and Heimendahl 
(1981), but Morris (1981) insists that under suitable kinetic conditions the formation of 
such metastable aggregates might occur. He supports the observation by the fact that 
the voids (very small, round, featureless objects) (i) show an orientation-dependent 
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contrast and (ii) show through-focus contrast variations similar to those expected of 
small voids. 

9. Concloding remarks 

It has been shown that metallic glasses have outstanding physical, chemical and 
magnetic properties. In fact, the combination of properties is so excellent that it is 
difficult to think of a better engineering material. In addition, metallic glasses are 
produced directly from the liquid state into the net shape in a single step and thus the 
process is much cheaper than the conventional methods and so economically viable. 
These factors are responsible for the intensive activity throughout the world to see that 
metallic glasses replace the existing crystalline materials at least in some spheres. Some 
progress has already been made in this direction in Japan. 

The nature of the metallic glasses, their structure and its influence on the properties 
(the so-called structure property correlations) are beginning to be understood only 
now. The difficulties being encountered are enumerated in the preceding sections; but it 
is hoped that the advent of new techniques and sophistication of the existing techniques 
and methods will aid in overcoming the difficulties. Urgent attention is required to be 
focussed on resolving the many different results obtained on the same alloy. This may be 
due to changes in quenching methods, quenching conditions (thickness of specimen, 
cooling rate, atmosphere) or even local changes in composition. Thus, it will be fruitful 
if investigations are carried out by producing the glassy structure in one alloy under 
controlled conditions by different methods and correlate the structure with the 
properties. Until this is done we will continue to have a large body of unrelated results 
on various alloys. 
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gh voltage electron microscope irradiation and observations in 
tallic glasses 

R V NANDEDKAR and A K TYAGI 

Materials Science Laboratory, Reactor Research Centre, Kalpakkam 603 102, India 

Abstract. High voltage electron microscope (hvem) has been extensively used to produce 
radiation damage and to study the characteristics of defects so produced in crystalline solids. 
To understand the defect production in metallic glasses and to evaluate the influence of such 
defects on physical properties like crystallisation temperature etc., high voltage microscopy 
and subsequent in situ heating and observation has been extremely useful technique. This 
paper gives a qualitative overview of such work performed in metallic glasses. In particular 
results obtained on a nickel based metallic glass using a hvem and an electron accelerator are 
presented. The advantages and limitations of hvem irradiation are highlighted. 

Keywords. Accelerator irradiation; metallic glass; defect characteristics; high voltage elec¬ 
tron microscopy; crystallization temperature. 


Introduction 

! use of high voltage electron microscope (hvem) as an electron irradiation facility to 
ite displacement damage in crystalline samples is well known (Makin 1971). 
:tron irradiation will produce Frankel defects in metallic samples which will cluster 
) a complicated structure such as dislocation loops and voids which can simul- 
sously be observed when the irradiation is in progress. This technique has been 
lied very successfully to simulate fast reactor damage and get a quick estimate of the 
mt of damage that would occur in the fast reactor (Norris 1972a, b). 

Metallic glasses have gained considerable interest both in basic and apphed sciences, 
ar as ‘defects’ in amorphous systems in general and metallic glasses in particular are 
cemed, very little is so far known. A lot of experimental work backed with 
Dretical modelling has to be done before ‘defects’ in such systems could be 
lerstood. The study of production of defects, their recovery and influence on the 
:hanical, physical properties and crystalUsation behaviour in metalhc glasses can 
5 an insight of the structure of amorphous materials. It is also suggested (Chang and 
1977) that because of the nature of amorphous state, no more disorder can be 
oduced into metallic glasses by irradiation and if it be the case, these alloys are 
ential candidates for the nuclear energy applications. However radiation damage 
cts such as swelling (Chang and Li 1977) and bUstering (Nandedkar and Tyagi 
la) has been observed in the metallic glasses. The interesting area of research is the 
uence of these defects on the crystallisation behaviour. As already mentioned, hvem 
jrs a two-in-one, in the sense that one can produce and observe damage 
ultaneously. The effect of these defects on the crystallisation temperature can be 
nd out by using the heating-stage and study the electron diffraction pattern as a 
ction of temperature after irradiation. 
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In this paper we give a qualitative survey of hvem irradiation and accelerator 
irradiation work done to study defects and its influence on the crystallisation 
temperature of metallic glasses. The advantages and limitations are highlighted along 
with the results on a nickel based metallic glass (Ni 45 Fe 5 Co 2 oCrioMo 4 .Bi 6 ) using a 
HVEM and an electron accelerator. These results are discussed by comparing with other 
experimental results. 


2. Survey of the earlier work 

Neutron irradiation (Lesueur 1970, 1975; Krammer et al 1979; Doi et al 1979) and 
charged particle (Richtin et al 1978; Schumacher et al 1980) irradiation experiments of 
metallic glasses so far have been able to establish the irradiation induced defects in 
metallic glasses. In these experiments techniques used were mainly wide-angle x-ray 
scattering, electrical resistivity, transmission electron microscopy etc. These techniques 
especially wide-angle scattering and resistivity have shown that irradiation produces 
‘vacancy type’ of defects in metallic glasses. Another technique which is very sensitive to 
the presence of defects in the crystalline samples is positron annihilation. This 
technique includes positron lifetime and two-photon angular correlation measure¬ 
ments. This technique is very sensitive to very small vacancy concentration ranging 
from 10“^^ to 10“^. Chen (1976) exploited this technique for electron irradiated 
(electrons from an accelerator) Pd-Ni-Si sample and the lifetime measurement did not 
show any evidence of vacancy like defects. Even two-photon angular correlation 
experiment(Chaung et al 1978) on electron irradiated Pd-Ni-Si showed no vacancy-like 
defects. Very recent experiments (Moser et al 1981) on positron lifetime measurements 
of low temperature electron irradiated metallic glasses show that lifetime increases after 
irradiation and comes back to original value after isochronal annealing. This 
experiment suggests that irradiation produces cavities of different sizes. These cavities 
are produced in the neighbourhood of the compressed regions of the metallic glasses. 
The recovery is explained on the basis of recombination of cavities with compressed 
regions. Electrical resistivity of low temperature (4*6 K) irradiated Pd 8 oSi 2 o with 
electron of energy 3 MeV is found to increase (Klaumunzer and Petri 1982; 
Klaumunzer et al 1981). The change in the resistivity is proportionate to radiation- 
induced defect concentration. Thermal recovery of Pd 8 oSi 2 o is continuous from 10 K 
to 500 K. These experimental results have been analysed by characterising the defects as 
excess free volume (vacancy-like defect) and negative free volume or compressed region 
(interstitial like defect). These results also indicate that the two types of defects have to 
be separated by a minimum distance of ~ 10 A otherwise the stress field would overlap 
and give rise to spontaneous recombination. 

The experiments above have so far shown that vacancy-type defects are produced. 
What influence will these ‘defects’ have on the crystallisation temperature T^? Not much 
work has been done in the field of electron irradiation and its effect on However, 
people have effectively used hvem in combination with heating-stage for determi¬ 
nation. Kiritani et al (1977, 1978) studied the structure and crystallisation process of 
amorphous Au-Si, Fe-B and CoFeSiB after electron irradiation in a hvem. Only Au-Si 
was prepared by vacuum deposition whereas other samples were prepared by melt 
quenching. They observed a lowering in the crystallisation temperature. In other words, 
the process of crystallisation is accelerated. This may be possible due to enhanced 
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nucleation triggered off on account of radiation damage. The results are explained on 
the basis of variable latent vacancy mechanism of diffusion in amorphous materials 
(Kiritani and Yoshiie 1978). Doi et al (1976) have studied splat-cooled Fe-P-C and Fe-P 
in a HVEM with various energy levels from 100 keV up to a dose of 1 x 10^^ e/cm^. They 
observed no appreciable change in the transmission electron diflFraction pattern at 
room temperature. They observed that crystallisation is retarded or is enhanced. 
They explained the retardation on the basis that during splat quenching, clusters less 
than 10 A in size (atomic assemblies which are short range in order) are supposed to be 
present. These clusters act as nuclei for crystallisation. Irradiation destroys these nuclei 
and therefore there will be a low probability for forming the clusters or nuclei in the 
irradiated region and hence retardation in crystallisation. However the same authors 
have observed acceleration of crystallisation in FeBSi, NiBSi, NiBSiC, NiPB and NiP 
alloys and no effect in NiPC (Doi and Imura 1978, 1980). Metallic glasses 2826 
(Fe 4 oNi 4 oPi 4 B 6 ) 2826 A (Fe 32 Ni 36 Cri 4 Pi 2 B 6 ) have been studied by Von 
Heimendahl (1981) after irradiation in hvem which was operated at 1 MeV and 1.1 MeV 
to a dose of 4 x 10^^ e/cm^. It was observed that there is an acceleration in 7^ of2826 A 
in the irradiated region. No actual measurement was done. In contrast, 2826, no effect 
of irradiation was visible. The explanation, which is rather qualitative, is put forward on 
the basis that 2826 A has low activation energy for nucleation of crystal (350 kJ/mol) as 
against that of 2826 (740 kJ/mol). The lower value of 2826 A explains the higher 
sensitivity to local rearrangements of atoms and therefore acceleration in T^. 


3. Electron irradiation of a nickel based metallic glass 

HVEM offers many advantages to study samples over a conventional transmission 
electron microscope. Higher energy of electrons will give greater penetration ( ~ 1 /m) 
and therefore the information obtained is closer to a bulk sample. Due to higher beam 
energy one gets better practical resolution and a very good resolution in thinner 
samples. It also offers as mentioned earlier, electron irradiation facility to study 
radiation damage. 

Although these advantages look rather attractive some limitations are there due to 
higher beam energy. Radiation damage poses some problems which are not desirable. It 
gives a greater danger to the operator from x-radiation from different parts of the 
microscope. It has poor response to the viewing screen, lower contrast, poor 
photographic emulsion and of course the high cost. 

When used as irradiation facility to study and observe irradiation damage, it has 
limitations from the thickness. It is well known that the surfaces act as sink for the point 
defects produced during irradiation. In thin samples surfaces act as sinks and therefore 
it gives serious limitations when one wants to simulate neutron damage. Again electron 
irradiation will produce Frenkel pairs as against cascades in neutron and charged 
particle irradiation. One cannot irradiate in hvem under controlled conditions on the 
sample such as temperature, stress. Therefore the only advantage it gives is to 
accumulate higher damage in shorter time due to high beam intensity. In an electron 
accelerator irradiation, one can have control over the specimen parameters such as 
temperature and stress. Thicker samples which are more representative of bulk can be 
used in an electron accelerator irradiation. 

In studying the effect of irradiation on T, of metaUic glasses in hvems, the only 
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technique one can employ is the in situ heating in the hot-stage. The temperature of the 
sample is measured with a platinum-platinum rhodium thermo-couple which is 
attached to the holder and not to the sample. Depending upon the thermal contact of 
the specimen with the holder and the thermal conductivity of the sample, the 
temperature of the sample will be different from what is actually measured. 

Judging all these limitations of hvem irradiations we have irradiated a nickel-based 
metallic glass both in an electron accelerator to low doses and in a hvem to a high dose. 
This metallic glass with composition Ni 45 Fe 5 Co 2 oCrioMo 4 Bi 6 , is in the form of a long 
ribbon about 40 ^ thick and 4 mm wide. Samples were irradiated to doses ranging from 
1 X 10^"^ e/cm^ to 4 x 10^® e/cm^ with 3*5 MeV electrons at room temperature using a 
water cooled target holder in a linear accelerator at Tata Institute of Fundamental 
Research, Bombay. For a high dose of 2 x 10^^/cm^, electron transparent samples were 
irradiated with 1 MeV electrons in a JEM 125 hvem of University of Antwerp, Belgium. 
The current density during hvem irradiation was kept 1 x 10^^ e/cm^ min which 
roughly corresponds to a dose rate of 18 dpa/hour. The rise in temperature due to beam 
heating was estimated to be ^ 50 K. 

The crystallisation temperature is the temperature at which the process of 
crystallisation starts. This temperature was determined for both as-received and 
accelerator irradiated samples using resistometry, hot-stage electron microscopy and 
differential scanning calorimetry (Nandedkar and Tyagi 1981b; Nandedkar et al 1981). 

of HVEM irradiated sample was determined by heating the sample in situ in the hot 
stage of HVEM. Transmission electron microscopy samples for hot stage were prepared 
using 10 % H 3 PO 4 and 90 % H 2 SO 4 at 6 V and examined in hot-stage of Philips EM 
400 operated at 100 kV. It was rather difficult to control the rate of heating but it is 
estimated to be about 15-20 K/min. hvem samples were directly heated in situ after 
irradiation and the electron diffraction patterns were taken at different temperatures. 
The temperature at which the pattern changes from amorphous to crystalline is 
recognised as the crystallisation temperature. Figure 1 shows a typical hot-stage 
electron diffraction pattern of the accelerator irradiated sample. The crystallisation 
begins at 653 ± 20 K in both as-received and accelerator irradiated samples. Figure 2 
shows the typical micrograph and diffraction pattern of hvem irradiated sample before 
and after the onset of crystallisation. The crystallisation was observed at a temperature 
653 ± 20 K. Table 1 summarises the results on crystallisation temperature for as- 
received, accelerator irradiated and hvem irradiated metallic glass. 

All the earlier studies on the effect of electron irradiation on crystallisation behaviour 
of metallic glasses were performed in hvems. Koster and Herald (1981) have pointed out 
that although in situ observation of crystallisation in hot-stage of a tem will give 


Table 1. Crystallisation temperature (in K) of electron irradiated metallic glasses. 



As-received 

Accelerator 

irradiated 

HVEM 

irradiated 

Resistometric 

390±15K 

663 ±15K 


Hot-stage 

electron 

653 ±20K 

663 ±20K 

653 ±20K 

microscopy 

D.S,C 

673 ± 5K 

676 ±5 K 
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Figare 1. Electron diffraction pattern of electron irradiated (accelerator) metallic glass at 
a. room temperature b. 653 K and c. 703 K. The crystallisation begins at 653 K. 
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Figure 2. Microstructure and diffraction pattern of hvem irradiated sample; dose 2 x 10^ ^ 
e/cm^ a. at room temperature and b. when heated in situ. The crystallisation begins at 653 K. 
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valuable information about the micromechanism of the reactions, the crystallisation 
can be drastically different from that of bulk. We, therefore, irradiated samples in an 
accelerator and it was observed that crystallisation temperature determined from the 
bulk measurements such as resistometry were not drastically different from that of their 
foil measurements. 

Comparing our results with those of earlier workers, no definite conclusion about the 
effect of defects on crystallisation can be drawn. However we can only say that the 
effects of electron irradiation on are closely related to both irradiation conditions and 
metal-metalloid combination. 


Conclusion 

HVEM is being effectively used to study damage in metallic glasses and its influence on 
the crystallisation temperature using heating-stage of hvem. However, a hvem has 
certain limitations which can be overcome by supplimenting hvem results with those of 
irradiation from an electron accelerator. Results on a specific nickel-based alloy 
Ni 45 Fe 5 Co 2 oCrioMo 4 Bi 6 have been discussed and it has been observed that electron 
irradiation from both hvem and accelerator has no significant effect on crystallisation 
temperature. 
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High resolution electron microscopic studies of H0AI3, Er0.sGd0.sAl3 
and Yo.9i£ro.o9Al3 in thin film form 
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Abstract. Rare earth trialuminides (RAl 3 ) exhibit an interesting series of structures changing 
from 2H to 3C in the buUc form. Many of the rare earth trialuminides have been recently found 
to exhibit curious structural characteristics such as the occurrence of the modulated phases. A 
detailed investigation of the formation synthesis and characterization of some binary and 
ternary alloys of the rare earth-aluminium system has been carried out. High resolution 
microscopic technique has been employed to study the modulated phases for some alloys e.g. 
H 0 AI 3 , Ero. 3 Gdo.sAl 3 and Yo. 9 ji£ro.o 9 Al 3 . With the help of lattice imaging technique, several 
new modulated phases have bt^n investigated. A possible mechanism for the formation of 
these phases has been suggested. The details of the results obtained by lattice imaging 
technique are discussed. 

Keywords. High resolution electron microscopy; structural characterisation; modulated 
phases; Al-rare earth system; lattice imaging. 


1. Introduction 

About half a century ago a classic example of superlattice formation in CuAu was 
reported by Johannson and Linde (1936). Since then, several other modulated phases 
have been discovered in a variety of materials ranging from metallic to dielectrics 
through semi-metallics. The occurrence of modulated phases have been curious to 
crystallographers and also to materials scientists since these phases exhibit interesting 
properties and many times correspond to potentially important materials from the 
applied aspect. These alloys have drawn considerable attention in view of the fact that 
they absorb hydrogen exothermically, nonstoichiometiically and reversibly which has 
already been recognized as a future fuel. Rare earth metals and alloys are further known 
to exhibit interesting magnetic properties and are very promising materials for memory 
devices in computers. 

The present communication deals with the occurrence and stabilisation of modu¬ 
lated phases in binary and ternary rare earth metal trialuminides such as H 0 AI 3 , 
Ero. 5 Gdo. 5 Al 3 and Yo. 9 iEro.o 9 Al 3 . 

The modulated phases discovered in the present investigation originate in a novel 
way—^they result as a consequence of amorphous to crystalline transformation. Often 
intergrowth of several modulated phases occurs. The profuse occurrence of random 
and ordered stacking faults suggests that the polytype-like modulated phases are 
formed through creating and ordering of stacking faults. Evidences and arguments 
have been put forward to show that the driving force for the modulated phases is the 
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lowering of electronic energies .which offsets the increase in energy due to creation of 
stacking faults. It has been shown that even slight variations in electron concentration 
(size of the Fermi surface) may lead to the genesis of several modulated phases. 


2. Experimental techniques and results 

The binary and ternary rare earth metal trialuminide's were made by homogenising the 
stoichiometric mixture of rare earth metal/metals and aluminium in vacuum (w 10 “ ® 
torr) at a temperature ranging between 823 and 873 K for about 20 hr. The initial 
agglomerate of the alloys so formed were tested by x-ray diffraction through Guinier 
focussing camera. These agglomerates correspond to the reported bulk structure of the 
material, e,g, 15R for H 0 AI 3 . Thin films from these agglomerates were formed by 
vacuum (« 10“^ torr) thermal vapour deposition. The as-grown thin films were 
amorphous as evidenced by the featureless electron micrographs and the diffraction 
patterns exhibiting haloes, obtained from them. These as-grown thin films underwent 
amorphous to crystalline transformation when they were heated with focussed electron 
beam at a-temperature of about 500‘"K for about 30 sec. The resulting crystalline phase 
consisted of isolated crystals. These single crystal regions often contained heavy density 
of planar faults. An extensive analysis of electron diffraction patterns taken from the 
transformed phase revealed that the most abundant phase in thin film form for H 0 AI 3 
and Yo. 9 iEro.o 9 Al 3 , were their reported structural phases viz. 15R witha = 6*052 A; c 
= 35*93 A and 9R with a = 6*185 A, c = 21*14 A. However, in Ero. 5 Gdo. 5 Al 3 the most 
abundant phase was 3C with n = 4*1 A unlike its bulk phase 9R. In addition to their 
bulk structures in all the cases the non-basal diffraction patterns containing 
reciprocal lattice network revealed the presence of modulated phases where the a lattice 
periodicity was invariant but the c periodicity differed from one phase to the other. The 
c periodicity in all cases was integral multiples of interlayer spacing of close packed 
layers in their bulk structures e.g. 2*39 A for H 0 AI 3 , The different modulated phases 
discovered are 4H, 5H, 15R, 30R, 42R and disordered 60R for H 0 AI 3 ; 3C, 4H, 6 H, 9R, 
12R, 15R, 16H, 24H, 42R and several other disordered structures for Ero sGdo ^ AI 3 and 
9R, 4H and 16H for Yo. 9 iEro.o 9 Al 3 . Although the characterisation of diffraction 
patterns revealed the presence of the modulated phases they alone could not lead to 
unambiguous results regarding the state of disorder and inter-growth of various 
phases. Also for the case of high period structures when the resolution of diffraction 
spots become questionable the diffraction analysis does not lead to an unambigous 
structural characterisation. Keeping this in view high resolution transmission electron 
microscopy was resorted to unravel the details of the structural features of the 
modulated phases. Figure 1 shows the bright field high resolution electron micrograph 
employing direct beam and 00*3 spots. This figure clearly reveals the presence of a twin 
boundary at A. The two crystal regions were confirmed to correspond to 42R as was 
cleared from the crossed diffraction pattern of the region containing the boundary. The 
diffraction pattern is also shown and the spots 00*42 are indexed for both the crystals. 
The blocks of 42R were found to consist of two fringe spacings corresponding to 5 
layers, followed by a fringe spacing corresponding to 4 layers. Several lattice images 
were recorded for the structural variants in Ero. 5 Gdo. 5 Al 3 thin films. Figure 2 
represents a dark field lattice image formed by 00*9 spot including two other 
neighbouring spots of 00*/ row. Here the fringe spacing comes out to be 7*04 A. Since 
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^ H 0 AI 3 i 42 R,Twinned 

Figure 1. A bright field elecronmicrograph revealing the lattice image of 42R phase (HoAlj) 
and corresponding diffraction pattern. Twin boundary can be noticed. Unit cell of 42R phase 
consists of fringes of 4H, 15R and 15R (i.e. 4H + 15R + 15R). Unit cell width corresponds to 
« 33-4 A. 






Figure 2. Dark field lattice image of 9R phase of Ero. 5 Gdo. 5 Al 3 alloy. Fringe spacing 
corresponds to 7*04 A. 
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the diffraction pattern revealed the phase to be 9R the actual periodicity of the lattice is 
3 X 7-04 = 21*12 A. This agrees very well with the known periodicity 21-14 A of 9R 
phase. Figure 3 shows the lattice fringes of 4H. Fringe spacing directly gives the c 
periodicity of 4H modulated phase which corresponds to « 9*4 A. The heavy strips 
marked as s represent stacking faults. Figure 4 shows a typical lattice resolution in 
bright field from a disordered region. Growth of several modulated phases such as 6 H, 
15R and of 14 layer (42R) can be noticed. Random stacking faults are also clearly seen. 
The alteration of background intensity with lattice images of periodic structures yield 
evidence of the presence of twins. Several other modulated phases have been observed 
with the help of high resolution electron microscopy which could not be identified by 
means of electron diffraction alone. These results are summarized in the following 
table. 

The electron microscopic studies of H 0 AI 3 , Ero. 5 Gdo. 5 Al 3 and Yo. 9 iEro.o 9 Al 3 thin 
films reveal the existence of modulated phases in these films. The observed modulated 
phases for these trialuminides are given below: 


Rare earth 

trialiunmides Modulated phases 

H 0 AI 3 4H, 5H, 15R, 30R. 42R and disordered 60R 

3C, 4H, 6 H, 9R, 12R, 15R, 16H, modulated phases with periodicity of 7, 
9,13, 18, 22, 24, 32 and 46 layers and some disordered structures. 

Y Q.ji Ero.o 9 Al 3 9R, 4H, 16H, some disordered structures and the existence of some high 

period modulated phases. 


3. Discussion 

The mystery behind the occurrence of modulated phases has been generally too 
intriguing to be unravelled in a satisfactory way. In the present case which is akin to the 
phenomenon of polytypism the already proposed mechanisms for the formation of 
Pol 3 d 3 ^ism which explains the formation of polytypes during growth is not applicable 
since in the present case the modulated phases are formed during an amorphous to 
crystalline transformation. However, as is well-known in metallic systems the electronic 
energy plays an important role in stabilising the modulated phases (Sato and Tooth 
1963; Sato ef al 1967). An explanation for the formation and stabilisation of the 
modulated phases has been proposed by Singh et al (1981) for GdAl,, on the basis of 
reduction of electromc energy elaborated in terms of contacts of Fermi surface and 
Brillouin-zone. In this the authors presume that slight variation in the Fermi surface 
scanning vector 2 fcy. may occur on the basis of valency fluctuations of rare earth metal 
involved and/or stoichiometric variation. It has been shown on the basis of geometrical 
scheme that even a slight variation in Fermi scanning vector may suffice to stabilise the 
modulated phases. The case of Ero. 5 Gdo. 5 Al 3 is shown in figure 5 (Singh et al 1981). 
The case of Yo. 9 jEro.o 9 Al 3 is under consideration. 
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Figure 4. Bright field lattice image revealing the inter-growth of different m od niat e d phases 
such as 6 H, 15R and 14H (42R) of Er 0 .jGd 0 .jAl 3 . 
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Figure 5. The Fermi surface Brillouin zone interaction exhibiting the stabilization of 4H, 6 H 
and 9R modulated phases in Ero. 3 Gdo. 5 Al 3 . 
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Electron diffraction analysis of antimony films 


P D PRABHAWALKER and AMARJIT SINGH* 

Regional Sophisticated Instrumentation Centre Indian Institute of Technology, Powai, 
Bombay 400 076, India 

* Department of Physics, University of Bombay, Vidyanagari, Bombay 400098, India 

Abstract. Antimony films of about 3000 A thickness are grown on NaCl substrate at various 
substrate temperatures. The films were subsequently analysed for electron diffraction and for 
■ grain size on electron microscope. At lower substrate temperatures, the film showed a single 
crystalline growth, and the crystal grain size was smdl. However at higher substrate 
temperatures a cubic phase along with hep phase was found to exist and also the enlargement 
of the grain size was observed. 

Keywords. Electron diffraction; antimony film; metastable crystalline states; phase changes. 


1. Introdaction 

Recently the studies of semi-metal films particularly antimony films, have been a matter 
of considerable interest. Antimony films exhibit interesting thermoelectric properties 
(Boyer et al 1981), and also crystallographically, a number of metastable crystalline 
states are observed in liquid quenched or vapour-deposited antimony films (Dilshad 
Akhter et al 1979). Antimony is known to exist in a simple cubic structure (a = 2-96), 
and in hep structure {a = 3-33 A and c/a = 1-58) at pressures of 50 and 90 kbar 
respectively (Kabalkina and Mylov 1964). In the present work, a systematic study on 
antimony films deposited at various substrate temperatures has been carried out. Its 
subsequent effect on the microstructure and the crystal structure of antimony films has 
been studied by electron microscopy. 


2. Experimental 

Antimony of high purity (99.99 %) was evaporated from a tungsten boat at a pressure 
2 X 10"® torr. Initially an attempt was made to use glass as a substrate, however it was 
rather inconvenient to remove thin antimony films of the order of 300 A from the 
substrate. Hence compressed sodium chloride pellets were prepared and they were 
transferred immediately from the desiccator to the evaporator. The pellets were kept in 
close contact with the substrate heater. The thickness of the films was estimated from 
the amount of antimony evaporated as well as by a thickness monitor. It was ensured 
that the deposition took place on dry pellet at the desired temperature. After the 
deposition was complete, the thin films were taken out by dissolving the pellet in water. 
The thin films were examined on a Phillips-EM 301 transmission electron microscope. 
The microscope was operated at 60 kV accelerating potential and at a magnification 
of X 40,000. 
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3. Results 

For the sake of better comparison, the same accelerating voltage has been maintained 
(60 kV) throughout the experiment, which gives the wavelength of the incident 
radiation as 0.0487 A. Since the same camera constant is used, it is possible to compare 
the spots/rings of one figure with that of the other. 

Figures la,b show the electron micrograph and the electron diffraction pattern 
respectively of the film deposited at room temperature. The electron micrograph shows 
formation of small granular structures indicating formation of crystalline state. The 
electron diffraction pattern had a number of rings. The diameter of these rings given in 
table 1 shows that the ratios of for the outer ring to the next ring in order is a constant 




W (b) 

Figure 1. a. Electron diffraction pattern b. Electron micrograph of the antimony film 
deposited at room temperature 


Table 1, Diameter of electron diffraction rings and the ratio of their squares, substrate being 
at room temperature. 


Ring No. 

d, = diameter of dj 
the ring n 


1 

3.07 

9.43 


2 

3.92 

15.37 

1.63 

3 

4.94 

24.40 

1.59 

4 

622 

38.69 

1.59 

5 

7.83 

61.31 

1.59 
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1-59. Reference to the camera geometry and Bunn charts reveals that the structure is hep 
and the distance corresponds to (1010) plane. The constants of the hep crystal were 
according to the previous literature, i.e. a = 3-33 A and eja — 1-58 (Dilshad Akhter et al 
1979). 

Figures 2a,b show the diffraction patterns and the electron micrograph respectively 
of the films deposited at 323 K. It has been observed that the grain size has become larger 
and the crystal structure has started changing. The electron diffraction pattern 
corresponds to a spot pattern showing (110) planes of a cubic structure and some traces 
of the previous ring pattern are also seen. 

At further elevated temperatures i.e. at 373 K, the cubic pattern becomes predomi¬ 
nant and large crystals are formed. The previous ring pattern is faintly visible 
(figures 3a,b). 

At 423 K the pattern becomes more complicated and absolutely polycrystalline 
(figures 4a,b). We get a number of rings in the diffraction pattern. Nine rings which 
were predominantly seen were taken for comparison. Starting from the outermost ring, 
squares of the ratios of the diameters of the inner ones were taken and are shown in 
table 2. 

A close look at the table shows that the ratios 9/7,8/6, and 6/4 are around 1-59. Since 
the magnification, incident radiation and camera constant have remained the same, it 
can be concluded that these rings resemble the previous hep structure with a = 3-33 A 
and c/a = 1-58. The second commonly occurring ratio is between 6/5, 5/4,4/3 and 9/8 
and is 1T2. 

Excepting these two ratios there are no more ratios which are repeating. We can 



(a) (b) 

Figure 2. a. Electron diffraction pattern b. ( x 44000) Electron micrograph deposited at 


323K. 
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(a) (b) 

Figure 3. a. Electron difTraction pattern b. (x 44 000) Electron micrograph of the film 
deposited at 373K. ' 



Figure 4. a. Electron difTraction pattern b. (x 44 000) Electron micrograph of the film 
deposited at 423K. 
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Ring No. 


Value for various ratios = 


1" 

N = 98 

7 

6 

5 

4 

3 

2 

1 

9 -114 

1-57 

2-25 

2*48 

311 

3-93 

6*90 

1308 

8 — 

1-43 

1-67 

1-84 

2-33 

2-92 

514 

9-73 

7- 

— 

1-57 

1-98 

2-50 

3-10 

4-39 

8-31 

6 - 

— 

— 

M2 

1-59 

1-75 

2-78 

5-27 

5- 


— 

— 

M2 

1-45 

2-80 

5-30 

4- 

— 

— 

— 

— 

M2 

1-76 

3-32 

3- 

— 

— 

— 

— 

— 

1-76 

3-32 

2 - 







1.89 


attribute this second ratio to the cubic phase seen in the previous figures. Other ratios 
may be due to the metastable phases of other crystals in the process of formation or 
mi^t be some other reflections of the existing crystals. They were not considered as 
they were not significant in number. 

Since the photographs were taken under the same magnification and since we know 
that the cubic plane is (110), and the hexagonal one is (lOTO), the interatomic distance of 
the cubic phase is estimated to be 3-4 A. 


4. Discussion 

The present study shows that because of the variation of the substrate temperature a 
number of additional phases are developed in the vapour-deposited antimony film. If 
the series of the diffraction patterns are observed carefully, it is found that the sample 
gradually changes from a polycrystalline hep to crystalline cubic and ^then back to poly¬ 
crystalline hep and cubic mixture. In figure 3 the hep structure has almost vanished. 
Similarly it is also expected that at some temperature between 373 and 423 K this hep 
structure may reappear again. The study of this point is worth undertaking; however it 
would need a better control of substrate temperature. The cubic phase observed has a 
larger interatomic distance i.e. 3.4 A. In previous studies by splat cooling (Dilshad 
Akhter et al 1979), such a structure with a = 3.16 was observed 


5. Conclusions 

(i) hep phase of antimony is observed by vapour deposition also, (ii) By increasing the 
substrate temperature, the cubic phase is also observed, (iii) The cubic phase has larger 
interatomic distances than usual, (iv) At intermediate substrate temperature hep phase 
vanished and reappeared at higher temperatures, (v) At the substrate temperature of 
423 K both hexagonal and cubic phases become polycrystalline. 
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Formation of lamellar M23C£ on and near twin boundaries 
in austenitic stainless steels 

B SASMAL 

Department of Metallurgical Engineering, Indian Institute of Technology, Kharagpur 
721302, India 

Abstract. Thin foil electron microscopy studies were made on the precipitation of lamellar 
^ 23^6 during aging at 973 K and 1073 K in water-quenched specimens of two austenitic 
stainless steels. After the precipitation on incoherent twin boundaries MjaC^ formed on 
coherent twin boundaries and in the regions adjacent to incoherent twin boundaries. These 
precipitates showed lamellar morphology and were aligned in a specific manner with respect to 
the twin boundaries. Such lamellar precipitates were absent in the specimens which were 
isothermally treated at 1073 K after ^ing transferred from the solution treatment tempera¬ 
ture. The l^ellar morphology of M^sCs is suggested to be developed by the influence of 
residual specific stress field around twin boundaries resulted from quenching. 

Keywords. Electron diffraction; lamellar M 23 C«; precipitation morphology; twin 
boundaries. 


1. Introduction 

Precipitation of MjaCg in austenitic stainless steels was studied by many investigators. 
In quenched and aged conditions M 23 C 6 precipitates (Lewis and Hattersley 1965; 
Wolff 1966; Beckitt and Clark 1967; Singhal and Martin 1967; Wilson 1971; Weiss and 
Stickler 1972) on incoherent twin boundaries after the precipitation on grain 
boundaries. During the later stages of aging, precipitation occurs on coherent twin 
boundaries and within the grains. The precipitates adjacent to an incoherent twin 
boundary grow as plates on both sides of the boundary, which are parallel to the 
coherent twin boundaries (Lewis and Hattersley 1965; Beckitt and Clark 1967; Singhal 
and Martin 1967; Hattersley 1964 and Lewis 1964). 

Two models have been put forward to explain the formation of .these lamellar 
precipitates. Beckitt and Qark (1967) suggested that the stress generated due to growth 
of precipitates nucleated on an incoherent twin boundary drives the twinning 
dislocations out of the boundary. These dislocations have been attributed to act as sites 
for nucleation continuously as they move out into the matrix and thus to form the 
plates of MjjCg on the {111} (twinning) planes. Singhal and Martin (1967) however 
observed the stacking faults formed possibly by bowing of the twinning dislocation out 
of the incoherent twin boundary after the precipitation on the boundary. They have 
suggested that M^aC^ precipitation occurs by nucleation along the bounding Shockley 
dislocation and by growth across the stacking fault to form a sheet of carbide. Shockley 
partial might again be repelled by the precipitate and the repetition of the precipitation 
process might cause further growth of the plate. 

In order to examine these models a detailed electron microscopy study was made on 
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the foimadon of lamellar M 23 C« adjacent to incoherent twin boundaries and on the 
precipitation at coherent twin boundaries. 

2. Experimental 

The chemical composition of two austenitic stainless steels (aisi 316L and oin 4981, 
hereafter referred to A and B respectively) studied are given in table 1. The cold-rolled 
sheet specimens (about 150/nn thick) were solution-treated (5-4Ksec (1 hr 30 min) at 
1433 K for steel A and 1*8 Ksw (30 min) at 1550 K for steel B) inside sealed silica tubes in 
argon atmosphere and quenched in water. The quenched specimens were then aged at 
973 K and 1073 K inside evacuated silica tubes for various durations from 3-6Ksec 
(1 hr) to 14'4Msec (4000hr). A few bulk specimens (10 x 5 x 3 mm) of A after being 
solution-treated were transferred to 1073 K, held for 360Ksec and 1-8 Msec and then 
cooled in air. Thin foils for electron microscopy examination were prepared by 
twin-jet electrolytic polishing with a mixture of 10% perchloric acid and 90% acetic 
acid. 

3. Resalts and discussion 

Steel A was fully austenitic in the as-quenched condition, while B contained a 
considerable amount of undissolved NbC particles. M 23 Q was the only carbide to be 
precipitated in A during aging at 973 K and 1073 K. In B both NbC and M 23 Ce formed. 
Because of the precipitation of NbC in very fine form on grain boundaries, on 
dislocations, in association with stacking faults and as dot-like particles, the precipi¬ 
tation of M 23 CS, in general, was appreciably low and was delayed in B (Sasmal 1980). 
M 23 C£ first precipitated on grain boundaries and later on incoherent twin boundaries 
followed by intragranular precipitation on continued aging. After the precipitation on 
incoherent twin boundaries a preferential precipitation of M 23 C 6 was noted in the 
regions adjacent to these boundaries (figure 1 ). Precipitation on coherent twin 
boundaries also occurred simultaneously. In B, thou^ the intragranular precipitation 
was rarely observed, a new mode of precipitation of M 23 Cg around undissolved NbC 
particles was noted. This is reported earher (Terao and Sasmal 1978,1981). 

Electron diffraction analysis showed that the M 23 Cg precipitates were face-centred 
cubic and had almost the same lattice parameter in both the steels: a = 10.7 A. They 
were found to grow at all the sites with the cube orientation relationship with austenite 
matrix, i.e. 

{100}m„c. II {100},. 

<100>M„c. I <100>,. 


Tabic 1. Chemical analysis of steels. 


Steel 




Composition, wt. % 





C 

Ni 

Cr 

Mn 

Mo 

Si 

Nb 

B 

Fe 

A 

0014 


m 

■n 

2‘2 

m 


__ 

Balance 

B 

(H)57 


IS 

■tl 

1-84 


0-77 

00003 

n 
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Figures 1-3. Steel A, aged for 
28-8 Ksec (8 hr) at 1073 K. 
Lamellar M 23 Ce formed close 
to incoherent twin boundaries 
and on coherent twin bound¬ 
aries. 2. Steel A, aged for 
1-80 Ksec (50 hr) at 1073 K 
MasQ plates increased in 
number on both sides of the 
incoherent twin boundary. The 
specimen foil is nearly paral¬ 
lel to the (110) of the matrix 
and the twin axis is [Til]. 
3. Steel B, aged for 14-4 Msec 
(4000 hr) at 1073 K. MjaCg 
plates formed on coherent 
twin boundaries and adjacent 
to incoherent twin boundaries, 
but considerably less in 
number. 
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The results agree with those reported e^lier (Lewis and Hattersley 1965; Weiss and 
Stickler 1972; Singhal and Martin 1968). The morphology of these precipitates after a 
long aging period, however, depends on the precipitating sites (Sasmal 1980). Whatever 
may be the morphology of these particles, their interfaces always consist of { 111 } and 
(no) types of planes. This result confirms the suggestion made by Beckitt and Clark 
(1967). 

In the adjacent regions of an incoherent twin boundary M 23 C 6 grew as plates into 
the austenite matrix on both sides of the boundary (figure 1). The plates grew in a 
direction parallel to the coherent twin boundariw. On longer aging, more and more 
lamellar M 23 C 6 formed in a sixnilar fashion and gradually grew away from the 
incoherent twin boundaries (figure 2). The number of lamellae however decreased 
progressively with increase in distance. On the coherent twin boundaries also, M 23 C 6 
grew as similar plates which on longer aging joined one another making almost a 
continuous layer of precipitates. In B, M 23 C 6 plates also formed on coherent twin 
boundaries and in the vicinity of incoherent twin boundaries, but fo a lesser extent, 
(figure 3). A few examples of morphology of the lamellar precipitates in the vicinity of 
an incoherent twin boundary are shown schematically in figure 4. The large planes of 
these plates are parallel to the twinning planes. A detailed study of the characteristics of 
these lamellar pr^ipitation has been reported elsewhere (Terao and Sasmal 1980). The 



Figure 4. Several examples of morphology, of MjjCg lamellae formed adjacent to an 
incoherent twin boundary, the twinning plane being (Til). 
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specific features of the formation of these M 23 C 6 lamellae were observed to vary from 
one twin to another. 

The lamellar M 23 C 5 precipitates, as reported by the previous investigators (Beckitt 
and Clark 1967; Singhal and Martin 1967) were assumed to result from emanation into 
the grains of the precipitates nucleated earlier, on incoherent twin boundaries. On the 
basis of this assumption in the mechanisms suggested for their formation the glide of 
the twinning dislocations possibly repelled from the incoherent twin boundaries by the 
stress field of growing particles at the boundaries has been proposed to play the most 
important role. The plate morphology has been attributed to result by a repeated 
nucleation (Beckitt and Clark 1967) on these gliding Shockley particles, or by the 
formation of stacking faults, nucleation on the outer particals and subsequent growth 
across the stacking faults (Singhal and Martin 1967). A close examination (by tilting the 
thin foils about different axes) of these lamellae, however revealed that most of them 
stood separate from the precipitates formed on incoherent twin interfaces, having no 
contact whatsQ^er. On the other hand, if any one of these mechanisms were operative, 
the lamellar M 23 C 6 might not form in B since dislocations are more preferable sites for 
precipitation of NbC. Further, none of these mechanisms is able to explain the lamellar 
precipitation on coherent twin boundaries. 

To examine further the validity of these models another experiment was made. A few 
bulk specimens of A were held at 173 K for sufficiently long periods, after being 
transferred directly from the solution-treatment temperature. As shown in figure i, 
M 23 C 6 precipitated in these specimens only on incoherent twin boundaries. No 
lamellar precipitation occurred either on coherent twin boundaries or in the regions 
adjacent to the incoherent twin boundaries. These observations indicated that 
quenching from the solution-treatment temperature is essential to induce lamellar 
precipitation during aging, and the existing models have no provisions to accommodate 
this fact. 

Due to differential contraction between cooler and hotter parts of a metallic body, 
quenching from a high temperature induces pronounced stress. The state of stress 
inside a specimen becomes complicated in the vicinity of a barrier such as grain 
boundaries, twin boundaries and undissolved particles. The effect of the quenching 
stress near twin boundaries would, however, be different from that near a grain 
boundary owing to the inherent difference in characteristics of these two types of 
boundaries. In this respect coherent twin boundaries would once again behave 
differently from incoherent twin boundaries. Quenching stress produces residual 
stresses in the specimens, the maximum value of which has been calculated (Lang 1965) 
to be 

EaAT 

i_v -Sato’ 

where E = Young’s modulus; a == coefficient of thermal expansion; AT = temper¬ 
ature range (T^—v = Poisson’s ratio (=0.3); 2S = thickness of the plate; 
a = thermal diffusivity in cm^/sec; to = total transient time. 

The change of orientation of a crystal in a specific manner across twin boundaries is 
expected to induce a specific stress field around the boundaries since the elastic 
constants of a material are different along different directions. In these regions, M 23 C 6 
which always nucleates on {111} austenite planes, because of least misfit (Beckitt and 
Clark 1967) across these interfaces has to choose one of the possible habits in order to 
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Figure 5. Dark-field optical micrographs of steel A. a. Water quenched and aged at 1073 K 
for 18 Msec (500 hr). M 23 Q precipitated on incoherent and coherent twin boundaries and 
also in the regions adjacent to incoherent twin boundary, b. Quenched to 1073 K and held for 
1-8 Msec (500 hr). Coherent twin boundaries and regions close to the incoherent twin 
boundaries are free from lamellar M 23 C 0 . 

minimise the coherency strain. This is in conformity with the observations made. It is 
therefore, proposed that the presence of a residual specific stress field around twin 
boundaries in the quenched specimens is responsible for the formation of lamellar 
MisCe precipitates on coherent twin boundaries and in the regions close to incoherent 
twin boundaries. Possibly vacancies play an important role in the process of their 
^ nucleation. 

4. Conclusions 

The lamellar M^aC^ precipitates on coherent twin boundaries and near incoherent twin 
boundaries form during aging in the quenched samples only. The morphology and the 
specific orientation of these precipitates are influenced by the residual stress developed 
around twin boundaries due to quenching. The nucleation of these precipitates is aided 
by vacancies. 
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FOREWORD 


The mechanical behaviour of materials is of vital interest to many branches of 
engineering and technology. Although at one time physicists were interested in this 
subject, at present its study is pursued mainly by metallurgists and mechanical 
engineers. However, the recent focus on topological defects etc., made some of us 
wonder whether the time was ripe for physicists to renew their interest in mechanical 
properties. In order to explore this, a Discussion Meeting was held at the Reactor 
Research Centre, Kalpakkam on February 7,8 and 9,1983. The Meeting was sponsored 
by the Indian Academy of Sciences, the Department of Science and Technology, the 
Defence Metallurgical Research Laboratory and the Department of Atomic Energy. 
About 70 scientists belonging to various disciplines took part. 

We present in this volume the written version of the talks given at the Meeting, the 
record of the discussions that followed the oral presentations, and of the Panel 
Discussion that took place in the concluding session. Owing to restrictions of space, 
and in the interests of reasonable uniformity of style and notation, we have been forced 
to make (generally minor) editorial changes in the manuscripts submitted by the 
speakers, and on occasion, prune the material in places. While great care and pains have 
been taken to preserve the essential spirit of every point the authors have intended to 
make, we do accept the responsibility for the changes necessitated by the reasons stated. 

The Meeting itself was quite lively and absorbing, with a variety of views expressed by 
people with varying specializations. In offering the Proceedings we hope that the 
excitement of the Meeting would be shared by a wider audience, and enthuse at least 
some physicists to enter this area. 

The task of preparing the Proceedings for publication has been quite strenuous and 
could not have been accomplished but for the unstinted help and cooperation we have 
received from many. Particular mention should be made of G Ananthakrishna, 
B Pumiah, Radha Ranganathan, V Sridhar, P Subba Rao and T D Sundarakshan. We 
also would like to express our personal indebtedness to Prof. S Ramaseshan for 
support and encouragement in organising the Discussion Meeting. 

February, 1984 Guest Editors 

C N R Rao V BALAKRISHNAN 

Editor of Publications, G VENKATARAMAN 

Indian Academy of Sciences 
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Observations on the physical basis of mechanical behaviour 

S RAMASESHAN 

Indian Institute of Science, Bangalore 560 012, India 

1. General remarks 

It gives me great pleasure to participate in this Discussion Meeting. This is perhaps the 
first time that physicists, materials scientists and metallurgists in India have planned a 
meeting to understand each other and to see whether phenomena not completely 
comprehended by one group can be looked into by another or jointly. The motivations 
are so praiseworthy that I am sure something will come out of such meetings. If these 
meetings are to be successful many obstacles have to be surmounted. The first, of 
course, is that of language. Each person here must understand the jargon of the other. 
The second is to make a conscious attempt to change one’s attitudes. 

The metallurgists and physicists today appear to be two different animals. The 
purpose of this meeting is to see that the barriers that have been artificially raised are 
removed. One has only to read the fascinating books by Cyril Stanley Smith, From Art 
to Science and A Search for Structure to realise that metallurgy which has been an 
empirical science for a long time has been eminently successful; and yet what is common 
to the village blacksmith is very mysterious to the physicist. Science was injected into 
metallurgy only recently. Most metallurgists, like chemists, are pragmatists. They 
reduce many sophisticated theories to thumb rules which work and which have 
advanced the fields most spectacularly. However, there is a tendency among many of 
them not to go too deeply into the fundamentals of the phenomena they observe. The 
physicist, on the other hand, choose rather simple ideal systems and model them. As this 
approach has been rather successful in physics he feels that by using a similar one he can 
“clean” up many of the problems which the metallurgist does not understand. In this 
connection, I must recall what Prof. Andrew Huxley—a physicist himself who entered 
biology and distinguished himself—-said when he lectured at the Indian Institute of 
Science, Bangalore on Physical Sciences and Biology. Biology, according to him, is 
inherently complex. Simplistic models sometimes hinder rather than advance the 
subject. It is the complexity and the basis of this complexity that one must try to 
understand and describe. The physicist, if he is to be useful at all, must enter biology 
with great humility, with a genuine intent to understand the subject and its spirit. What 
Huxley said of biology is, in my view, applicable to metallurgy and materials science. 

In each field of science when suflScient knowledge accumulates, a great step is usually 
taken which throws new light and opens up new vistas. This happened to biology about 
25 years ago when biologists and crystallographers combined to unravel the structure 
of DNA and caused a revolution which biology is still experiencing. 

For metallurgy there was one such great flash in 1934 when the theory of dislocation 
was put forward by physicists which opened the gates for the understanding of the 
mechanism of strengthening, crystal growth etc. Fifty years have now passed and one 
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feels that a coining together of scientists in related fields may possibly help is taking 
another important step even if it is not as revolutionary as the dislocation theory. Being 
an experimenter myself I must stress the importance of experiments. Unfortunately the 
experimental approach is sometimes neglected by physicists in India. Experiment forms 
the backbone of progress is any field. I am told that Prof. Mott often stressed that every 
theoretical paper or idea must suggest a clean interesting experiment which can be 
performed, I do hope that at the end of this meeting crucial experiments will be 
suggested which will help to bring about the proper understanding of some of the 
puzzling phenomena in this field. 

If such meetings are held often they would create a community of scientists interested 
in mechanical behaviour of materials. They may also provoke individuals or groups 
with complementary competences to collaborate. One hopes that the theorists and 
experimenters would join hands to look into some of the exciting problems in this field. 
Following the spirit advocated by the organisers of this Meeting, in this inaugural talk I 
shall mention a few experiments which I and my group have performed (many of which 
are unpublished) and others which are not so well-known, that have come my way. I 
shall also raise some questions which have troubled me particularly those connected 
with crack generation, hardness and its variation, friction, wear, surface states and the 
nature of grain boundaries.* 

2 . Welding of surfaces and generation of cracks 

In some experiments done in 19441 noticed that diamond surfaces freshly cleaved in 
vacuum (10"^ torr) do not rejoin when brought together almost immediately after 
cleaving. It was also possible to show by studying the Jamin effect (i.e. by ellipsometric 
methods) that a thin film is formed on the cleaved surface. In 1948 Gwathemay showed 
that cleaved copper single crystal welded together in vacuum (10^ ® torr) a phenomenon 
now common in space.** 

At the surface of a metal due to discontinuity there would be a spill-over of electrons 
and the consequent charge imbalance is prevented by the electrons collectively 
conspiring to set themselves into oscillations. When two clean metal surfaces are 
brought close to each other these oscillations in each piece (which are independent) can 
become coupled and they go backwards and forwards from one piece to the other, 
bonding the two surfaces. Another crucial question is: Can stress concentration in a 
mcM cause an instability in the electron oscillations so that decoupling can take place 
causing the formation of two surfaces (i.e. a crack?) These are topics of great interest 
worthy of some thought and discussion.*** 


*No attempt is made to pad it up to make it more inteliigiblel 

** Mpenments done in space attempting to join or weld diamonds. It is not clear to 

me why diamond surfaces should not also weld as copper surfaces do, The dangling bonds in diamond may 
hdp to chamorb atoms to form a thm film. In metals also thin films are formed by physical adsorption One 

strss: £ or I. ,u 

...rf conjecture that two metal surfaces weld together in vacuum because the 

forward from one piece to another. It is strange that the mStude of 
toe surl^ energy is veiy close to the contribution of the correlation part of the el^on cnerev Do« thfr 

me Joaenc ener^ of toeel^ron etc? Similariy, when one considers toe cohesive eneray feext section) is tli«« 
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Crude measurements (by us) of the stress optic coefiBcients of metals indicate that 
stress has considerable effect on the electrons. Stress distorts the lattice and due to this 
there are two optical effects. Firstly, the anisotropic distribution of the polarisable 
atoms in the strained lattice alters the index (w) and absorption (fc) tensors. Secondly, 
electrons moving in the strained lattice can also alter the n and k tensors. The latter 
effect appears to be quite large and is opposite to that of the former. 


3. Do electrons contribute to the hardness of metals? 

Since electrons do contribute so much to the cohesive energy of a solid, it seems very 
probable (at least to me) they contribute to the hardness of a metal.t 

Some compounds like rare earth chalcogenides (example SmS which has the NaCl 
structure) are semiconductors and become metals under pressure, undergoing iso- 
structural semiconductor-to-metal transformation. There is a volume change and the 
resistance drops by five to six orders of magnitudes. These are peculiar metals which 
have positive and negative ions inside with ‘free electrons” in them. By measuring the 
hardness of the two phases one can get an idea as to whether electrons do contribute to 
hardness or not. To make measurements at high pressures is not easy although the 
method mentioned in the next section could be adopted for this purpose. The effect of 
the density change on hardness must also be taken into account. 

A similar isostructural semiconductor-metal-transition can be effected by adding 
adequate amounts of rare earth metal which simulates the effects of pressure {e.g. SmS 
is a semiconductor while GdoisS is a metal). The hardness of the metal is much 

higher than that of the semiconductor. But one cannot be certain whether this increase 
is due to the electrons, the change of density or the additional Gd atoms in the 
substance. 


4. The hardness pendulum—The measurement of the variations of hardness 

The hardness pendulum, devised by experimenters in USSR, in which a loaded cylinder 
oscillates on the surface under study can be used to measure hardness of the metal 
under a variety of conditions. The hardness is estimated from the rate of damping of the 
oscillations. Liquids can be placed between the surface and the cylinder to study the 
effects of adsorption and hardness. With an electrolyte, variation of hardness can ^ 
studied with varying potentials applied on the system. The hardness of the material 
increases with increasing potential and becomes maximum when the charge on the 
surface is zero and it decreases as the surface becomes progressively negatively charged. 
In fact, this curve is very similar to the variation of the interfacial tension of Hg solution 
interface with applied voltage indicating clearly that the surface energy (which changes 
with the application of potential) is involved in the phenomenon of hardness. By 


11 am not at all happy using the word ‘electron’ in this loose manner as I am aware that there are several 
contributions to the energy from electrons themselves and they even have opposite si^s. 

JTo my mind the question “do electrons” contribute to the hardness of metals is an important one and 
deserves further theoretical and experimental investigation. 
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analogy with the Hg solution interface the effect of atoms absorbed on the surface was 
studied. Many patents on additives to increase the machining rates have resulted from 
this work. 

It is also found that the effect of absorption of neutral atoms decreases the hardness. 
It is also a known fact that the work function W(<l>) of a refractory transition metal is 
lowered by as much as 4 eV by a monolayer of Cs. This is possibly the reason why 
adsorption can decrease hardness. Theoretical calculations of the electron distribution 
on the surface have also been done. When a tin crystal is coated with liquid gallium the 
crystal becomes brittle. Laue photographs show that a single crystal becomes 
polycrystaUine. It is thought that the grains are held together by surface tension forces 
of the liquid. The strength of the solid decreases considerably although its ductility is 
not affected. 

5. Friction, surface roughness and surface states 

The second law of friction discovered by the great Leonardo da Vinci (which states that 
the coefficient of friction (ji) is independent of the surface area) appears mysterious to 
many when they first come to know of it. To explain this experimental law one must 
seek a phenomenon by which a true area of contact is proportional to load (the first law 
states that the // C3C load). The real surface of any material consists of microscopic hills 
and valleys (asperities). When two surfaces touch, the area of contact being small the 
stress is very large. An elastic deformation takes place first and this is followed by a 
plastic one till the total area of contact increases to a value which can support the load. 
This phenomenon can be elegantly demonstrated by observing intensively the total 
internal reflection in a right angle prism. When the surface (with its asperities) is laid on 
the hypotenuse of the prism wherever there is a real contact there is no total internal 
reflection, and where there is no contact, evanescent wave returns into the medium of 
the prism. The intensity of the totally reflected beam decreases with load. 

The existence of the asperities has also been demonstrated by measurements of the 
AC surface resistance (at very high frequencies 24000 MHz when the skin depth is 
as low as 0-4 fi) and this surface resistance is much greater than the DC resistance. If the 
surface is bathed in carbon monoxide, the AC resistance increases considerably 
indicating that the electrons are trapped in the surface states created by CO. 


6. Electrons and metals ^ 

There are many other questions which require consideration. What is the sub- 
microscopic beilby layer which forms when one metal is rubbed against another? And 
which spalls off during wear producing hard particles? Why is it harder and more brittle 
than the parent metal—although it is said to have the same composition? Has the metal 
turned amorphous due to the high temperatures and pressures produced during wear? 
Does the contribution of the electron to cohesive energy increase in amorphous metals, 
making them harder and corrosive resistant? Electron micrographs definitely indicate 
that the boundaries in large angle polycrystalline metals and alloys are extremely thin 
(about 3 to 5 atomic layers). Are these really “amorphous” regions with coordination 
poly hydra postulated by Bernal for “liquids”? Are polycrystals stronger than the 
monocrystals because dislocation cannot wander across the grain boundaries or is it 
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because electron “lattice” interactions at the grain boundaries contribute to the 
cohesive energy? 

We know that the dislocation theory has been very successful but are we leaning a bit 
too heavily on it, relegating the effect of free electrons on the mechanical properties, to 
the background? 

Soon after the discovery of the quantum theory, it was appreciated that the physical 
basis for the optical and magnetic properties of solids must be found at the microscopic 
level. Unfortunately, the physical basis of mechanical behaviour was relegated as 
engineering. Only some outstanding scientists like Mott and Pierls appreciated that 
one must look at microscopic phenomena to understand mechanical behaviour also. 
Soon after the advent of the dislocation theory, their interest shifted to other problems 
and physicists have been very reluctant to contribute to this complex but important 
field. It is a bit ironical because the most dramatic and obvious property of a solid is, of 
course, its mechanical strength. This meeting clearly shows that we in India have a 
unique opportunity to make some important contributions before the rest of the world 
wakes up, so to say. 
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Shocks and high velocity deformation 
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Abstract. The shock Hugoniot curves of a large number of materials up to a few Mbar have 
been obtained experimentally. Metallurgical examination and physical measurements on 
metallic and other samples recovered after shock loading up to several 100 kbar indicate the 
existence of large concentrations of point, line and planar defects. Dislocation mechanisms 
have been invoked to explain shock wave propagation and the phenomena related to the quick 
homogenisation of stress and strain behind the shock front. Computer simulation models 
using molecular dynamics calculations have also been used to understand some aspects of 
shock wave propagation at an atomistic level For very strong shocks, the material is expected 
to melt under shock heating, but the experimental evidence regarding this is inconclusive. A 
combination of shock temperature measurement and theory may be able to answer this 
question. 

Keywords. Shock propagation; shock deformation; shock melting. 

1, Introduction 

During the last decade or two, our understanding of the mechanical effects of shock 
waves on materials has advanced considerably. There is now a wealth of metallurgical 
information on samples recovered after being subjected to shock loading. Active 
measurements of physical parameters such as the electrical resistivity have also been 
attempted in a few cases. Physical phenomena like shock deformation, phase transform¬ 
ations under shock loading and shock melting have been understood to a somewhat 
smaller extent at the microscopic level. We shall discuss some of these aspects in this 
pai)er. 

If the shock wave propagating in a material is considered to be a sharp discontinuity 
in stress, then, using the laws of conservation of mass, momentum and energy, it can be 
shown that the undisturbed state is related to the shocked state at the shock front as 
follows: 

l/.Po (1) 

Pt-Po = PoU,U„ (2) 

JSi — JEq = i (1*1+ ^* 0 ) (^0 ~ ^i)> 

where U, is the shock front velocity, U, is the particle velocity in the compressed region; 
P, E, p and V{ = 1/p) are respectively the pressure, specific internal energy, density and 
specific volume: the suffixes 1 and 0 represent quantities in the shocked and the 
unshocked regions respectively. 

If the equation of state £ = £(?, K) of the material is also known, we can use (3) to 
write P as a function of V (for all practical purposes, Pq 0). The locus of all states 
(P, V) which can be obtained by a single shock from an initial state (Pq , Iq ) is known as 
the Rankine-Hugoniot curve or simply the Hugoniot curve (figure 1). 
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SPECIFIC VOLUME V 


Figiire 1. The Hugoniot curve. The 
vertically-hatched area is a measure of 
the cold compressive energy. The 
horizontaUy-hatched area is a measure 
of the heat energy in the shocked 
sample. 


It is evident from (3) that the internal energy deposited in the cxjmpressed body is the 
area of the triangle OAC. If the compression is carried out isothermally at 0°K to the 
same final volume V, the material will be at the point D, The area of the curved triangle 
ODC therefore represents the “cold” elastic energy. The difference between the areas of 
£)i4C and ODC is a measure of the heat energy deposited by the shock in the compressed 
sample; the contribution from defects created by the shock, such as vacancies and 
dislocations, is relatively negligible. To give some numbers, a shock pressure of 
1 Mbar* will compress a sample of aluminium from a density of 2*78 to 4*30 g/cm^ and 
heat it to 3540 K. The corresponding shock velocity is 10*1 mm//isec and the particle 
velocity is 3-6 mm/fisec. 

After the shock wave has passed, the sample will unload along the curved path ABO 
doing work on the surroundings represented by the area of the curved triangle OB AC. 
(For simplicity we assume that the terminal specific volume ^ the initial value Vq , 
which would be true in the absence of porosity in the initial sample, etc.) The difference 
in the areas OAC and OBAC represents the (waste) heat deposited in the terminal 
sample. In aluminium, the residual temperature is 1440 K. If the amount of waste heat 
exceeds the enthalpy of vaporization (or melting), the terminal sample will be in the 
vaporised (or molten) state. In peaceful nuclear explosions (e,g., see Chidambaram and 
Raman n a 1975), when a nuclear explosive is detonated underground in a rock medium, 
about 20% of the explosive energy is utilised in vaporising approximately 70 tons of 
rock, and another 20% in melting approximately 300 tons of rock for every kton of 
yield. 


2. Range of shock pressures achieved experimentally 

By keeping chemical explosives (usually in the form of lenses and pads) in contact, 
shock pressures of a few 100 kbar can be transmitted into materials. Alternately, a metal 
plate (flyer plate) can be accelerated by a contact explosive or a gas gun, and can 
subsequently be made to deliver its momentum to a target plate by impact. Pressures up 


* 1 Mpa = 10 bar, 1 Gpa = 10 kbar, 1 Tpa = 10 Mbar. 



Shocks and high velocity deformation 


635 


to several Mbars can be achieved in this manner, though the pressure pulse widths are 
smaller (typically a few mm in space); still higher pressures can be obtained using curved 
rather than plane geometries. Exploding foils and rail guns can also be used to 
accelerate flyer plates. The highest shock pressures achieved to date have been through 
laser—or nuclear explosive-driven shocks and are in the range of tens of Mbars (for a 
more detailed discussion see Godwal et al 1983a). The metallurgical and physical 
observations to be discussed below have generally been on samples shocked to 
pressures less than about 1 Mbar. 


3. Finite elastic-plastic deformation by shock waves 

When a plane shock wave propagates through a material, the change in density 
occurs—from a ipacroscopic point of view—through uniaxial compression. Consider a 
volume element of cross-sectional area A (perpendicular to the direction of shock 
propagation) and length L. During shock compression, A remains unchanged while L 
decreases in direct proportion to the decrease in the specific volume (see figure 2). If the 
element were allowed to expand from the final compressed state without lateral 
constraints it would reach normal density at the boundaries shown by the broken lines, 
provided it had been in a state of hydrostatic strain and stress in the compressed state. 
This gives us the elastic and plastic strain components in the direction of shock 
propagation and in the lateral directions, as indicated in the figure. 

The time scales involved in shock propagation are typically in the /xsec region, while 
the rise times are well below a nsec. Are conditions of hydrostatic stress and strain 
achieved behind the shock front, and, if so, how quickly? The answer to this question 
comes from the beautiful flash x-ray diffraction experiments of Johnson and Mitchell 
(1980) with single crystals of LiF, Al and graphite. Specific Bragg reflections were 
recorded using a Mo x-ray pulse synchronised with the duration of the shock 
compression of the crystal. These authors concluded that: (a) single crystals transform 
to the hydrostatically-compressed state within less than 20 nsec—there is no immediate 
conversion to a polycrystalline state; (b) the unit cell volume compression is in 
agreement with the conventional macroscopic volume compression data to within 1 %, 
independent of crystal orientation (shocks of strengths between 400 kbar and IT Mbar 
were propagated along [100] and [111] in LiF). In related experiments at Trombay 
(Gupta 1980) we shocked polycrystalline samples of zirconium (hexagonal crystal 


u. < 


a o 


ELASTIC STRAI 

elastic strain 


.PLASTIC STRAIN 
NITlAl STATE 


PLASTIC STRAIN 


n 

m 





"!( HYPOTHETICAL! 
UNSTRESSED STATE 
IF THE STRESS IS 
I RELEASED WITHOUT 
I LATERAL CONSTRAINT 


-FINAL COMPRESSED STATE 


Figure 2. Finite elastic-plastic deformation created by a shock wave. 
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system) which showed a prominent texture ({100} planes preferentially normal to the 
axis of the cylindrical sample). The texture was retained to a substantial extent in the 
terminal sample, after shock loading to about 150 kbar. 

At very low pressures, the unit cell of the crystal may be expected to respond by one¬ 
dimensional compression. Correspondingly, in the Hugoniot curve, there is a pressure 
value known as the Hugoniot elastic limit (hel) below which the response of the 
material to the shock pressure is nearly linear; the Hugoniot really begins to curve 
(concave upwards) from this point. The hel is related to the shear strength of the 
material; one may expect that, for shock pressures lower than this limit, no 
rearrangement of the crystal lattice occurs (unlike in strong shocks discussed below). 
However, Jamet (1980) found, in some recent flash x-ray experiments with NaCl single 
crystals (hel = 280 bar), that the one-dimensional deformation must be taken into 
account even for shock pressures above 10 kbar. Some experiments on the measure¬ 
ment of triaxial stress components using piezo-resistive gauges for shock pressures 
below, around and aboVe the hel are now being carried out for several materials (see, 
e.g. Chartagnac 1982). 

Computer simulation of shock propagation in crystal lattices has also been 
attempted (Tsai and Macdonald 1976). Shock compression is initiated in a semi-infinite 
lattice by moving the lattice along the x-axis towards the origin with (mass) average 
velocity corresponding to the particle velocity Up defined in (l>-(3), and making it 
collide with its image at x = 0, Many effects are correctly predicted by these molecular 
dynamics calculations including the achievement of thermal equilibrium and a state of 
hydrostatic stress, and also the right temperature. However, the strain in the 
compressed state tims out to be far from hydrostatic! This is related, we believe, to the 
computer limitation that necessitates a small-sized crystal lattice without scope for the 
generation of dislocations. As we shall see, the introduction of mobile-dislocation 
mechanisms is unavoidable in the description of shock propagation in solids. 


4. Defect-generation during shock propagation 

A variety of point, line and planar defects can be induced by shocks. Solid samples are 
usually examined after recovery following shock loading, and there is always the 
question of the relation of the residual defects to those present during the different 
stages of shock loading. On the one hand, shock heating may anneal out defects; on the 
other, the shock imloading process may lead to further plastic deformation. The former 
may be prevented to some extent by doing the experiment at liquid nitrogen 
temperatures, and then ejecting and storing the sample also at the same lowTi electrical 
resistivity annealing measurements in copper shock-loaded (70-380 kbars) in this 
manner yield typical vacancy concentrations ~ 10"^ (Mogilevskii 1970). The vacancy 
concentrations estimated from active resistance measurements in shock-loaded silver 
foils are perhaps ten times higher (Dick and Styris 1975; Graham 1981). Similarly, the 
density of dislocations in metals increases with shock pressure-approximately as 
according to Murr and Kuhlmann-Wilsdorf (1978). This density is about 
lO^MO^^ cmin recovered samples shock-loaded up to 100-200 kbar, although once 
again the dislocation density could be much higher during shock propagation (Graham 
1981; Svensson 1981). 
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In the original model of Smith (1958) for shock wave propagation, an interface of 
dislocations was postulated between the shocked and unshocked regions so that the 
deviatoric stresses arising from the shock could be relieved. The dislocation interface 
separates two lattices with different parameters. This interface of dislocations would, 
according to Smith, move with the shock front. If the dislocations move on a slip plane 
making an angle (j) with the shock-front plane, the velocity of the dislocations becomes 
Uj cosec (l> which produces the necessary plastic strain. Such supersonic dislocations 
are, however, unacceptable for several reasons (Meyers and Murr 1981). This had led 
Meyers to postulate a new model whose essential features are as follows: 
(a) Dislocations are homogeneously at (or close to) the shock front by the deviatoric 
stresses set up by the state of uniaxial strain; the generation of these dislocations relaxes 
the deviatoric stresses. Adjacent dislocation layers are made up of dislocations with 
Burgers vectors of opposite signs; (b) The dislocations move short distances at 
subsonic speeds; (c) New dislocation interfaces are generated as the shock wave 
propagates through the material. 

This model qualitatively explains many experimental results. Meyers and Murr also 
believe that the rarefaction part of the wave (corresponding to shock unloading) plays 
only a minor role in dislocation generation. 

The shock front has a width W extended over a few lattice spacings, i.e., 
JV 10 cm. The strain rate e can be written as (Gilman 1979) 


■ U. (Pi-Po) 
2W Po 


(4) 


If the shock velocity is taken to be 1 cm//isec and a density compression of 2 is achieved 
by the shock, e a 10^^ sec'S which is enormous. What is the mechanism of the 
transport of momentum down the steep velocity gradient? It is through atoms and 
dislocations, and the dislocation velocity may be expected to be proportional to U,. The 
drag pressure D, which acts in opposition to the driving pressure P and equals it under 
steady motion conditions, can be written as a product of an effective viscosity rj and the 
strain rate L Gilman finds that the value of the viscosity that arises from the dislocations 
is of the order of 1 poise. As both rf and e are proportional to 17,, D J, and hence can 

be very large for strong shocks. I have discussed this aspect in detail to emphasize the 
complexity that a first-principle calculation of shock wave structure, shock width, etc., 
would entail. The heating of the material by the shock wave can, however, be calculated 
using (l)-(3) and condensed matter theory, because the contribution of the various 
defects produced by the shock wave propagation to the free energy of the material is 
small. 

What about shock propagation in liquids? One has to re-interpret the mobile- 
dislocation mechanisms in this case, taking into account the short-range order in 
liquids on the one hand, and the narrow width of the shock front on the other. To the 
best of my knowledge, no work has been done along these Unes. 


S. Phase transformations and melting under shock 

Most phase transitions observed under static pressures are also observed under shock 
pressures. In fact, many sluggish phase transitions are readily observed under shock 
conditions because the deviatoric shear stress provides a driving force to overcome any 


2 
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activation barrier. The phase transformation is best examined in terms of and Up, 
rather than the conventional variables P, V. The plot of vs Up is (surprisingly) linear 
for a given phase (up to pressures of several megabars), and shows a discontinuity and 
change of slope upon the occurrence of a phase transformation. There is one important 
point which must be kept in mind when discussing shock-induced phase transform¬ 
ations: unlike static pressures, shock pressures also induce heating, and the rise in 
temperature may influence or inhibit the transformation. For example, in the alpha 
(hep) to omega (simple hexagonal) phase transformation in Ti, the amount of m-phase 
formed increases continually with pressure in the ‘static’ case; in contrast, under shock 
this amount first increases and then decreases as the shock pressure is increased. The 
reason for this behaviour is the change in temperature (Sikka et al 1982). 

As one keeps on increasing the shock pressure, does the shock heating lead to melting 
in the compressed state, and, if so, what is the melting temperature? There is still 
considerable controversy with regard to this point. This is because the slope changes in 
the Ug — Up curves are either small or else have an alternative interpretation in terms of 
certain electronic changes. The shock-Hugoniot measurements show, for example, the 
existence of a relatively less-compressible high-pressure phase (beyond 300 kbar) in all 
members of the rare-earth series. This ‘stiffening’ of the Hugoniot curves has been 
identified with melting by Carter et al (1975), but Gust and Royce (1973) attribute it to 
the onset of a repulsive interaction between the noble-gas atomic cores. McMahan et al 
(1981), on the other hand, have analysed this phenomenon in terms of the completion of 
s—d transfer in La. Again, in Pb, the various estimates of shock melting pressures range 
from 220 kbar to 1-24 Mbar (Duvall and Graham 1977). 

The melting temperature under shock compression increases as indicated schemati¬ 
cally in figure 3. We feel that the onset of shock melting may be established by a 
combination of shock temperature measurement and theoretical considerations 
(Godwal et al 1983b). The Hugoniot curves obtained by equation-of-state calculations 
in the solid and liquid states are quite distinct in the T - P plane, as shown schematically 
in figure 3. There is a mixed solid-liquid region in the middle. (We have done these 
calculations for Al and Pb by the pseudopotential method. At Pi/Po = 1*8 in Al, for 
example, the temperatures predicted are 12500 K and 8100 K respectively using the 
corresponding solid and liquid state theories.) Thus, a measurement of shock 
temperatures over a range of shock pressures will presumably yield information of the 
type shown in figure 3, so that the onset of melting may be ^seemed clearly. 



Figare 3. Schematic phase diagram for 
melting by shock heating. 
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6. Conclusions 

There are many problems in the shock deformation of metals which are not yet fully 
understood. Most of the metallurgical studies have been on terminal samples shock- 
loaded to a few 100 kbar or less. Large concentrations of a variety of defects are found 
in these samples. These concentrations are presumably even greater during the various 
stages of shock propagation, since shock heating is supposed to anneal out many of the 
defects. The generation and motion of dislocations are essential in explaining shock 
front propagation which leaves behind a shocked region in a state of essentially 
hydrostatic strain (at least for strong shocks). Some computer simulation studies on 
atomistic models have also been attempted, but they do not account for all the 
experimental facts. Evidence for the melting of materials under very strong shocks is 
still in some doubt and may need a combination of theory and shock temperature 
measurement in order to be established conclusively. Much theoretical and experimen¬ 
tal work still remains to be done in the field of shock deformation and related effects in 
materials. 
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Discussion 

C K Majumdar: Entropy production is not taken into account satisfactorily in any 
essentially hydrodynamics-based formalism. Eckart’s work (1945) may perhaps 
indicate how this aspect should be incorporated into the description of shocks. 

K Srinivasa Raghavan: There is nothing unusual about nonhydrostatic strain due to 
hydrostatic stress, because one is dealing with nonhomogeneous structures. 

R Chidambaram; The question here is whether, in Tsai’s molecular dynamics 
calculation on a bcc crystal, unit cells can be strained nonhydrostatically under 
hydrostatic stress. This has been achieved here by ‘buckling’ of neighbouring cells— 
akin to twinning. This picture appears to be somewhat artificial to me, the problem 
arising from the neglect of mechanisms of plastic deformation. 

K A Padmanabhan; Can the amount of explosive charge be estimated, when, say, a 
hollow cylinder of A1 is cald on to a hollow inner cylinder of steel? 

Chidambaram: The attenuation behind the shock front is related to the ratio of the 
mass of the metal to the mass of the explosive. In the problem of explosive welding one 
has to strike a balance between having too little explosive (the attenuation is then too 
high) and having too much explosive (the metal cylinder is then damaged). 

A P Pathak: Can channeling by charged particles be used to extract information about 
the defects while experiments on mechanical properties (including shock wave 
propagation) are in progress? 

Chidambaram; I think the penetration of charged particles into the specimen could 
pose problems, as the diameter of the metal plates under study ^ 1 cm 

R Krishnan: In uniaxial tensile testing, an increased strain rate is equivalent to a 
reduction in test temperature. Is this so also for hydrostatic stress? 

Chidambaram; For shock induced deformation, a higher strain rate implies a higher 
shock pressure which would lead to increased shock heating. 

S Ramaseshan: How long does the rise in T due to the shock wave take to cool down? 

Chidambaram: The fall from the high temperature in the compressed state to the 
residual temperature after shock unloading usually occurs in /isec. The cooling beyond 
that is by normal mechanisms. 

Ramaseshan; How are boundary conditions specified in the molecular dynamics study 
of the shock front? How does this method differ from the finite element approach? 

Chidambaram: As in usual solid state theory, cyclic boundary conditions were used by 
Tsai and Macdonald. The finite element method is a more general mathematic^ 
technique that is useful even in problems where there are no periodic lattices. 

P Rodriguez: What is an ideal powder? 

Chidambaram: In the context of diffraction, it is one in which there is no preferred 
orientation of the grains. 

Rodriguez: For melting to occur, the dislocation density must be of the order 
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10^^/cm^, but experimentally it is 10^ How is this discrepancy explained? 

Chidambaram: The high temperatures prevailing probably cause annealing of some of 
the dislocations, reducing their density. 

Rodriguez: The high strain rates used in shock experiments are also used in 
metallurgical techniques like explosive forming and welding. The physical basis of these 
methods needs to be understood. 

Rodriguez: In the flyer plate method used for welding and forming the interface is 
wavy. Could you comment on this? 

Chidambaram: The uniformity with which one can produce a plane wave or shock 
wave by any of these methods is about 100 nsec. Within this time a non-uniformity of 
the order of OT-l mm sets in. This has to be carried through. 

D Kumar: In the energy diagram, a part of the triangle is the recoverable elastic energy 
and a part is the dissipated heat energy. Does the rest go into the formation of 
dislocations? 

Chidambaram: The energy required to create dislocations is small and is generally 
ignored in the book-keeping. 

S N Bandopadhyay: What is the evidence that the strain is hydrostatic? 

Chidambaram: Flash x-ray diffraction experiments on cubic crystals indicate that the 
crystal behind the shock front reaches a state of hydrostatic strain within 20 nsec. 




Bull. Mater. Sci., Vol. 6, No. 4, September 1984, p. 643. © Printed in India. 


Computer simulation of tensile testing* 

V SRIDHAR 

Materials Science Laboratory, Reactor Research Centre, Kalpakkam 603102, India 

A bstract. A brief overview of the molecular dynamics method, with emphasis on the work of 
ParrineUo and Rahman, is presented. Molecular dynamics is a method for studying classical 
statistical mechanics of well-defined systems through a numerical solution of Newton’s 
equations. A set of N particles with coordinates (i = 1,..., N) and confined in a cell are 
allowed to interact through a potential The bulk is usually simulated by periodically repeating 
the cell in space. Newton’s equations are then solved numerically and the statistical averages of 
dynamical properties are calculated as temporal averages over the trajectory of the phase 
space. This method has already been used to simulate a liquid. Now, based on a Lagrangian 
formulation, it is possible to study systems under the most general conditions of externally 
applied stress. Unlike the earlier calculations, in this procedure, shape and size are governed by 
equations of motion obtained from the Lagrangian. Thus it allows us to study structural 
transformations which may be brought about by an interplay of external and internal stresses. 
By applying this technique to a single crystal of Ni, ParrineUo and Rahman observe that the 
stress-strain relations obtained confirm with reported results. Under compressive loading it is 
found that Ni shows a bifurcation in its stress-strain relation and the system changes from 
cubic to hexagonal close packing. Such a transformation could perhaps be observed under 
extreme conditions of shock. Finally the scope of computer simulation is highlighted and the 
limitations of employing such a method are pointed out. 


*only summary of the talk 
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Instabilities in yielding 

G VENKATARAMAN 

Reactor Research Centre, Kalpakkam 60310^ India 

Abstract. This paper addresses itself to instabilities observed during tensile testing, and 
complements the papers of Rodriguez and Ananthakrishna presented at this Meeting. The 
work of Caglioti et al on the elastic to plastic transformation is first reviewed. The work of 
Kubin et al on the serrated (repeated) yielding observed at liquid helium temperatures is then 
discussed in brief. Finally, our own work relying on electronic simulation is described. We 
conclude with some brief remarks on a few important questions that merit attention in the 
future. 

Keywords. Tensile testing; yielding; instabilities; electronic simulation. 


1. Introduction 

Yielding observed during a tensile test is being discussed by several speakers at this 
Meeting. While metallurgists are by and large interested in the deformation mechan¬ 
isms, for physicists the nonlinearities and the instabilities arising thereof are perhaps 
attractive avenues for investigation. Dr Rodriguez will present the metallurgist’s point 
of view while Dr Ananthakrishna will discuss how he views the phenomena as a 
physicist. My talk will deal with some work on the subject that is pertinent to the 
present Meeting but not touched upon by them^ 


2. Elastic to plastic transition 

The work done by Prof. Caglioti and coworkers (Boffi et al 1980) who address 
themselves to the instability associated with the elastic to plastic transition is first 
reviewed. They adopt a hydrodynamic approach, and their basic idea is as follows. One 
starts with the Helmholtz free energy F expressed as a function of the temperature T 
and strain e, since these are quantities which can be measured in real time during an 
experiment. F{T, e) is expanded in a series in a and 6 = (T—Toj/ro, F(ro, 0) being the 
free energy of the undeformed solid at temperature Tq , assuming that a uniaxial tension 
is applied. By differentiating F {T, e) appropriately with respect to the state variables, 
expressions are deduced for the entropy S and the equilibrium stress These are 
substituted in the space- and time-dependent partial differential equations representing 
entropy and momentum balance. This is the starting-point for the subsequent stability 
analysis, the procedure up to this point being identical to what is normally done in 
hydrodynainics. 

We are interested in the question of stability as the material deforms through the 
elastic region. Let us suppose that the applied (constant) strain rate is To investigate 
the stability of a particular state £<,(= Cflt, t being the elapsed time) and temperature 0, 
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MODE stability 



Figure 1. Instability of acoustic 
mode as e e^. Owing to finite size of 
the specimen, the shaded region is not 
accessible. 


one imposes small fluctuations and 66 around the reference state. Linearization 
yields a set of three coupled first-order equations for the quantities 66, {bk/a^) and 6a, on 
which the standard normal-mode analysis may be performed. (In fluid dynamics, one 
would obtain the Rayleigh and Brillouin modes in this manner.) For a given mode to be 
stable, it is necessary that Re A(/c) < 0, where X is the corresponding eigenfrequency and 
k is the wavevector. It turns out that all the modes are stable as long as is smaller than 
a critical strain e^. At the critical strain, the acoustic mode with the longest wavelength 
(i.e., k « InfL where L is the length of the sample) becomes unstable (figure 1). There is 
an obvious analogy with phase transitions; Bofii et al (1980) have indeed drawn a 
parallel with the nonequilibrium transition in the laser. As yet there is only partial 
experimental confirmation of these ideas, but I understand (Bottani, private communi¬ 
cation) that efforts are in progress to monitor the transition more completely by 
measuring the associated temperature fluctuations. 


3. Repeated yielding 

Let us consider next the instability aspects of serrated yielding. Dr Rodriguez in his 
presentation offers a comprehensive survey of the various mechanisms responsible for 
repeated yield drop. Dr Ananthakrishna considers one of these models, namely, that 
due to Cottrell, and analyzes how instabilities can arise. I shall complete the picture by 
discussing the work of Kubin et al and some of our own work. 
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3.1 Lovf-temperature yielding 

Kubin and coworkers (Estrin and Kubin 1981; Kubin et al 1982,1983) are concerned 
with repeated yield drops observed at liquid helium temperatures. These arise due to 
thermomechanical instabilities for which a model is proposed. The stability analysis is 
rather similar to that carried out by Boffi et al (1980) (the applied stress and the 
temperature are now chosen as the state variables characterizing the material 
undergoing deformation). These two variables are coupled through two nonlinear 
differential equations, the mechanical equation and the equation describing heat 
removal, in which the experimental conditions are suitably introduced. Linearization, 
stability analysis, etc., are then performed as usual, and contact is made with elementary 
bifurcation theory (Haken 1977). 

The parameters that enter into the thermomechanical model of Kubin and 
CO workers (Estrin and Kubin 1981; Kubin et al 1982, 1983) are: the specimen 
dimensions, the applied strain rate, the combined elastic modulus of the specimen and 
the machine, the specific heat of the specimen and the coefiicient of heat transfer. These 
parameters are combined into three dimensionless quantities (the reduced elastic 
slope of the straining curve), a (the reduced activation volume) and v (representing, 
apart from a factor, the ratio of the elastic and thermal energies). These are the control 
parameters. Figure 2 shows the (v/ot, £„a) plane in control parameter space. The 
different regions represent qualitatively different kinds of mechanical behaviour, the 
nature of which is amplified in figure 3. The types of trajectories in the phase space (a, 6) 
associated with the various regions in figure 2 are sketched in figure 3a, and the 
corresponding yield curves are shown in figure 3b. While one has an asymptotic steady 
state in region II, one obtains serrations in region III. The crossing of the II-III 
boundary corresponds to a hard-mode instability. (A similar instability is discussed by 
Ananthakrishna with reference to his model.) To sum up, the work of Kubin et al 
demonstrates that it is possible to predict whether plastic deformation at low 
(cryogenic) temperatures will be smooth or jerky, depending on the values of a specified 
set of mechanical, geometric and thermal parameters, by using bifurcation theory and 
stability analysis. 


3.2 Electronic simulation 

1 now turn to the work on serrated yielding which Neelakantan and myself (1983) have 
been engaged in recently. Our work was triggered by a fascinating paper by Franck 


(Y/a) 
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Figure 2. Regions of different types 
of mechanical behaviour in the param¬ 
eter plane (£. 0 , v/a) (Kubin et al 1983). 
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Figure 3. a. Phase space plots corresponding to the different regions shown in figure 2. 
b. Stress vs time curves corresponding to the different regions of figure 2 (Kubin et al 1983). 


(1974) which gives an overview of feedback oscillations occu^ri^g in widely different 
chemical and biological systems. According to Franck, these diverse systems exhibit 
very similar behaviour because they share an underlying “negative resistance” feature. 
In serrated yielding, it is well known that at least for one class of models, viz., the 
Cottrell-Bilby model (1949) (see also the paper by Rodriguez at this Meeting), there is 
such a negative resistance feature. We (Neelakantan and Venkataraman 1983) therefore 
explored how some of the observed features of repeated yielding could be understood 
along the lines indicated by Franck. It was most convenient to map the problem onto an 
equivalent electronic problem, and essentially carry out an analog simulation. 

Skipping the details, the essential idea underlying our work may be understood by 
referring to figure 4. Shown here is a typi^l negative resistance characteristic, the 
detailed nature of which is dependent (in the physical problem under consideration) on 
parameters such as the dislocation density, temperature, etc. The applied strain rate 
prescribes the load line; the behaviour of the specimen during the test depends on where 
the load line cuts the characteristic curve. If the intersection is in the negative resistance 
region, then there is instability and oscillations (in stress) ensue. 

Now, in contrast to the situation obtained usually in an electronic device, the 
characteristic curve itself evolves during the test for a specimen undergoing plastic 
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Figure 4. Schematic plot of the strain rate 
stress curve for a material exhibiting serrated 
yielding. (For examples of such curves in the 
Fe-C system, see Neelakantan and 
Venkataraman 1983). The negative resistance 
feature arises due to dislocations breaking 
away from their atmospheres. 


STRESS 



Figure 5. Perspective plot of a family 
of characteristic curves, simulating the 
evolution during an actual test. The valley 
associated with the negative resistance 
feature is seen to widen as the test prog¬ 
resses. The trajectory obtained by the 
load line method is also partially in¬ 
dicated. Serrations occur during the test 
only when the load line intercepts the 
characteristic in a region of negative 
slope. 


yields. Thus, at a fixed temperature, and for the same material, the intersection of the 
load line and the characteristic may occur in a region of positive slope at one instant and 
in a region of negative slope at the next. The general form of the characteristic also 
suggests why serrations occur only in a certain region of the test curve. Figure 5 shows a 
schematic plot of a family of evolving characteristic curves for a material at a particular 
temperature. The trajectory resulting from the load line is also indicated, and one can 
see that instability can occur in certain ranges of the strain and not in others. 
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Our approach demonstrates that numerous kspects of tensile test curves observed in 
practice are readily reproduced and studied under convenient, controlled conditions in 
a suitably constructed analog device. One can begin to understand some of the 
observed trends in depth. For example, it is known that at a given temperature, 
serrations are absent both at very high and low strain rates; likewise, at a given strain 
rate, serrations appear only in a certain temperature band. There is therefore a well- 
defined region in the £ — 7* plane within which serrations occur. Our study shows that 
such a bounded region is indeed to be expected. 


4. Conclusions 

One common feature of all the models cited is that they tacitly assume the medium to 
respond homogeneously during repeated yielding. There are, however, reasons to 
believe that the deformation is in fact spatially inhomogeneous. This aspect has not 
received the attention it deserves in theoretical studies of the phenomenon, and one 
hopes that in the years to come this will be set right. 

Another relatively neglected aspect is the important role played by noise: a 
considerable amount of irregularity exists in the observed serrations. Ananthakrishna 
discusses the effects of fluctuations to some extent in his paper. In our work, too, some 
thought has been given to the matter. Our preliminary finding is that when noise is 
included, the simulated tensile test curves begin to resemble real-life curves such as, e.^., 
those found in Hall (1970). This work is still in progress. One’s experience with the 
study of fluctuations in other areas of physics suggests that here, too, such an analysis 
would be a fruitful avenue of investigation. 
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Discussion 

G Srinivasan: The introduction of noise seems to produce bands. Is it that you are 
seeing some kind of a beat phenomenon? 

G Venkataraman: We have not explored all the possibilities to say something at this 
stage. 

R Ramaswamy: The kind of bunching phenomenon that occurs does have a practical 
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analogue. This is the phenomenon of intennittency—shortly before the onset of a truly 
turbulent phase, long range periodicity appears in bursts. 

K R Rao: Referring to Caglioti et a/’s work, in the yield instability region, the soft mode 
may go to zero giving rise to an incommensurate phase reciprocal lattice point Has this 
been experimentally observed? 

Venkataraman: It has not been observed. This is only a model. 
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Serrated plastic flow 

P RODRIGUEZ 

Metallurgy Programme, Reactor Research Centre, Kalpakkam 603 102, India 

Abstract. This paper attempts an assessment of the current understanding of the phenom' 
cnon of “serrated plastic flow”, which manifests itself as serrations, load drops, jerldness or 
other discontinuities in the stress-strain curves obtained in constant extension rate tensile tests, 
and as sudden bursts of strain in constant loading rate tests and in constant load (stress) creep 
tests (the so called staircase creep). Though one can identify at least seven physical processes 
that can cause serrations, the distmssion here is restricted msdnly to serrated yielding in tension 
tests originating from dynamic strain ageing (dsa). The characteristics of the five types of 
serrations that have been identified so far and the experimental conditions under which they 
occur are discussed. The various models of serrated flow that have been put forward are 
reviewed critically. Some recent results on 316 stainless steel are presented to illustrate the 
effects of grain size, temperature and strain rate on serrated flow. Manifestations of dsa other 
than serrations such as a negative strain rate sensitivity, positive temperature dependence for 
flow stress and work hardening, and the ductility minimum are also discussed. Finally the 
various issues to be resolved are enumerated. 

Keywords. Serrated flow; dynamic strain ageing; continual mechanical twinning; flow stress; 
work hardening peaks; ductility minimum. 


1. Introduction 

The organisers of this discussion meeting in their invitation requested that I should 
present here the metallurgist’s viewpoint of‘serrated plastic flow’. At the outset let me 
state that whatever I say in the following should be considered as my own 
understanding of the phenomenon. There will be many materials scientists and 
engineers (including those with both physics and metallurgy backgrounds) who may 
not agree with all the views propounded here; there must also be an equally large 
number of physicists and metallurgists who may find common ground with the 
interpretations offered. It is interesting to note that in a recent international conference 
on deformation, two different treatments of the phenomenon, both by metallurgists 
have been given. One is based on a strain ageing piechanism involving the diffusion of 
solute atoms to temporarily arrested dislocations (McCommck 1983) and the other 
interprets it as an example of catastrophe theory in physical metallurgy (Strudel 1983). 

The objective of the present paper is an assessment of the current understanding of 
the phenomenon of serrated plastic flow. We start with a brief description of the 
methodology of the tensile test. The physical processes that can cause serrated flow are 
then identified. Subsequent discussions are restricted to serrations due to dynaimc 
strain ageing (dsa) or the Portevin-Le Chatelier (pl) effect (Portevin and Le Chatelier 
1923) arising from interactions between diffusing solute atoms and mobile dislocations. 
The characteristics of five types of serrations observed under conditions of dsa are then 
discussed. The various quantitative models for serrated flow that have been put forward 
are then critically reviewed. Some recent results on 316 stainless steel are presented to 
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illustrate the effects of grain size, temperature and strain rate on the dsa behaviour. This 
is followed by a discussion of the various manifestations of dsa in tensile test results. 
Finally, the various issues to be resolved are considered and catalogued. 

2. Phenomenology 

In a tension test, (the specimen suitably gripped between two crossheads, one moving 
and the other fixpd) is deformed at a constant nominal strain rate determined by the 
velocity of the moving crosshead. At any instant of time, the total strain e, the 
plastic strain in the specimen, and the elastic strain of the specimen-machine system 
are related by 


fi 

(1) 

£ = gp-hfifl. 

(2) 

Equation (2) can be rewritten as 


1 

(3) 



where cr is the stress and the elastic modulus of the specimen-machine system. The 
condition for serrations or load drops is that the plastic strain rate 8p exceeds the 
imposed strain rate e, Le. whenever there is a sudden increase in 6^, a load drop occurs. 

The phenomenon can also occur in creep tests in which strain in a specimen under a 
constant stress is measured as a function of time. Sudden bursts of plastic strain occur 
periodically, with the result that the creep curve has the shape of a staircase (hence the 
name 'staircase creep’). This manifestation of dsa in creep tests is discussed in another 
paper (Ananthakrishna 1983) presented at this Meeting. 

3. Physical processes that can cause serrated flow 

A survey of the literature shows that we can identify at least seven physical processes 
that can lead to serrations in the flow curve: 

(i) The plastic strain rate under dislocation glide is given by 

h = pj>v, (4) 

where is the mobile dislocation density, v the average velocity of dislocations and b 
the Burgers vector. Serrations will therefore occur whenever there is an instantaneous 
increase in or in F or in both. 

(ii) Interaction of moving dislocations with dsa can lead to sudden increases in 
and/or v and we shall be mainly examining this particular phenomenon. 

(iii) In alloys undergoing order-disorder transformations, gradients or modulations 
in order encountered by moving dislocations can cause serrated flow (Mannan and 
Rodriguez 1972; Samuel and Rodriguez 1975,1980). 

(iv) Another phenomenon that can cause serrations is continual mechanical 
twinning as has been reported for an Fe-25 at % Be alloy (Bolling and Richman 1965). 
Twinning is characterised by a positive temperature dependence and a negative strain 
rate sensitivity for the flow stress which are also obtained under conditions of dsa. 
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(v) A sudden increase in the specimen temperature due to adiabatic heating is 
another possibility (Ramachandran 1983; Ramachandran'et al 1970; Kubin et al 1982). 
This has been found to occur in tests at cryogenic temperatures. Dissipiation of the heat 
of deformation becomes difficult since the specimen surface is covered by a layer of gas 
molecules of the cryogenic hquid. The resultant increase in specimen temperature 
satisfies the condition for a load drop since a higher plastic strain rate can now occur at 
the applied stress level. 

(vi) Phase transformations induced by stress and strain can also cause serrated flow. 
This aspect is covered in another paper presented at this Meeting (Seetharaman 1983). 

(vii) Weertman (1967) has pointed out that yielding across fracture surfaces in brittle 
materials when tested under both hydrostatic pressure and triaxial non-hydrostatic 
stresses can cause serrations. 


4. Types of serrations 

Five types of serrations due to dsa' termed A, B, C, D and E have so far been identified 
(figure 1). Types A, B and C are well-known and their characteristics are also well 
documented (Russel 1963; Macherauch and Munz 1966; Solar-Gomez and McG-Tegart 
1969; Brindley and Worthington 1970; Cuddy and Leslie 1972) whereas serrations of 
types D and E have been referred to only relatively recently (Pink and Grinberg 1981; 
Wijler et al 1972). The characteristics of the different types of serrations and the 
experimental conditions that produce them are as follows. 

(i) Type A serrations are periodic serrations from repeated deformation bands 
initiating at the same end of the specimen and propagating in the same direction along 
the gauge length. These are considered as locking serrations, characterised by an abrupt 
rise followed by a drop to below the general level of the stress-strain curve. They occur 
in the low temperature (high strain rate) part of the dsa regime. 

(ii) Type B serrations are oscillations about the general level of the stress-strain curve 
that occur in quick succession due to discontinuous band propagation arising from the 
DSA of the moving dislocations within the band. (This contrasts with the smooth 
propagation of the band that occurs after initiation with a type A load drop). Type B 
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serrations often develop from those of type A with increasing strain (figure 1 inset) or 
occur at the onset of serrated yielding at high temperatures and low strain rates. 

(iii) Type C serrations are yield drops that occur below the genera! level of the flow 
curve and are therefore considered to be due to dislocation unlocking. They occur at 
higher temperatures and lower strain rates than in the case of types A and B serrations. 

(iv) Type D serrations are plateaus in the o-e curve due to band propagation similar 
to Luders band with no work hardening or strain gradient ahead of the moving band 
front. Like type A serrations, they can occur alone or with type B serrations during the 
band propagation (figure 1 inset). In Au-Cu 14 wt % alloy, Wijier et al (1972) produced 
type D serrations by homogeneous prestraining at high temperatures. 

(v) Type A serrations change over to type E serrations at high strains. The latter are 
similar to type A serrations, but with little or no work hardening during band 
propagation. 

5. Models for serrated flow from dsa 

Any theory or model for serrated flow should account for the different types of 
serrations that appear in different alloys and for the influence of temperature, strain and 
strain rate on these various types. For the onset of serrations in substitutional alloys, a 
critical strain is required. The value is dependent on both e and the temperature T 
(figure 2). At high strain rates and low temperatures where the first serrations are of type 
A or B, Ec increases with increasing strain rate and decreasing temperature. At high 
temperatures and low strain rates, where serrations of type C are observed, increases 
with increasing temperature and decreasing strain rate. While current theoretical 
models are unable to account for this latter behaviour, the variation of a^ with T and a in 
the low temperature (high strain rate) regime has been rationalized by a number of 
theoretical models based on the interaction of diffusing solute atoms and mobile 
dislocations. 

5.1 Interpretations of a^ 

The oldest quantitative model for serrated yielding is due to Cottrell (1953) in which the 
mobile solutes are assumed to interact with quasi-viscously moving dislocations; 
serrations are attributed to repeated locking and unlocking of dislocations in solute 
atmospheres, which occurs when v equals the drift velocity of the solutes in the stress 
field of the dislocations. In subsequent modifications of this model that integrate it with 
the theory of thermally activated deformation processes, it was recognised (Sleeswyk 



Figure 2. Effect of strain rate and tem¬ 
perature on critical strain; Ta > Ti. 
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1958; McCormick 1972) that the “ageing” of the dislocations would take place during 
the waiting time of the dislocations at discrete obstacles rather than during their actual 
motion. When the diffusion coefficient is high enough to saturate the dislocation with a 
solute atmosphere during the waiting time, serrated yielding will start. In the model of 
van den Beukel (1975) though the same picture of solute-dislocation interaction was 
adopted, was chosen (following the ideas of Sleeswyk 1958; Penning 1972) to be 
the strain at which the strain rate sensitivity y = dajd In e became negative. In all the 
three approaches, the final result is that at 

= (5) 

where C„ is the vacancy concentration £„ is the vacancy migration energy and T the 
absolute temperature. The three models yield widely different values for the constant 
(the value in the original Cottrell model does not account for the experimental 
values of sj. The vacancy concentration is enhanced due to the strain (Van Bueren 


1955) according to 

C„ = Xe". (6) 

Similarly, the strain dependence of can be expressed as 

P™ = BeK (7) 

From (5), (6) and (7) we get 

. = K,e-exp(£„/fcr). (8) 

DSA due to interstitial solutes (8) reduces to 

Bf = K'2eexpiEJkT). (9) 


Experimental results in the low temperature-high strain rate region have given 
reasonable values for m, P and E„. Typical {m + fi) values are between 2 and 3 for 
substitutional alloys; for interstitial alloys (Van den Beukel 1980), p lies between 0-5 
and 1. 

It has generally been observed that the critical strain increases with increasing grain 
size (Brindley and Worthington 1970; Chamock 1968,1969; Mannan 1981; Mannan et 
al 1983). Relating this increase to the grain size dependence of Chamock (1968, 
1969) has shown that (8) can be modified to include the grain size dependence of 
according to 

e. = K^dos^ cxpiEJkTim + ^)] (10) 

where p = n”Hm + P), q = l/(m-f-^) and the parameter n" arises from the p„—d 
relationship of Conrad and Christ (1963): p„ = NB^/d’". 

5.2 Some results on 316 stainless steel 

The flow curves obtained in the temperature range S23-923 K at a strain rate of 3 
X 10“* sec" * for 316 stainless steel of two different grain sizes (0-04 and 0-125 mm) are 
shown in figures 3 and 4 (Mannan 1981; Mannan et al 1982,1983). (The serration types 
are labelled as in §4). The observed effects of the grain size on dsa are the following: (a) 
The DSA temperature region gets shifted to higher temperatures with increasing grain 
size; (b) For ^ grain sizes (8) is valid with (m+P) = 2'3,p was estimated to be 0-9, in 
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Fiture 4. Seriated plastic flow in 316 stainless steel with grain size d — 0-12Sinm. 


good agreement with the prediction of p = 1 for a linear increase in dislocation density 
with strain; (c) The relationship between and d follows (10) with p = 0-6; (d) An 
apparent activation energy for dsa of 235 kJ/mol is obtained for all grain sizes from the 
variation of e, with T, (8); (e) A fit to the Hall-Petch equation for the variation of the flow 
stress a, with grain size d, namely, a, = do, + where K, and do, are constants 

(called the Hall-Petch slope and intercept respectively), yields a monotonic decrease of 
do, with temperature; whereas K, though it generally decreases with temperature, 
shows a peak in the temperature region 523-723 K. This indicates that grain boundary 
regions are preferred sites for dynamic strain ageing (Armstrong 1968); (f) A peak in the 
variation of work hardening with temperature is also obtained but towards the upper 
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Figure 5. Variation in work 
hardening with temperature for 316 
stainless steel with diiTerent grain 
sizes. £ is the Young's modulus. B 
= A<7/A£, Ao* is the flow stress incre¬ 
ment over the strain interval As from 
£ = 0-005 to e = 0-05. 


'’■'200 600 1000 UOO 
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end of the dsa temperature range (figure 5). Consistent with the fact that this 
temperature range represents conditions for strong pinning and accordingly the most 
rapid and strongest dislocation immobilisation, leading to an increased rate of 
dislocation accumulation (Reed-Hill 1974), the dsa peak for work hardening also 
becomes more pronounced with decreasing grain size. 

5.3 Other interpretations of serrated flow 

Equation (4) allows serrations to occur for sudden increases in p„ or in v or in both of 
them. The models discussed in §5-1 assume that the average velocity is unchanged, and 
that serrations occur due to changes in owing to the locking and unlocking of 
dislocations during deformation. It has also been pointed out that the solute 
atmospheres formed could be dragged along with the moving dislocations, and that 
such atmospheres would exert a drag stress on the dislocation which varies with 
dislocation velocity as schematically illustrated in figure 6(a) (Hirth and Lothe 1968; 
Schmidt and Miller 1982). With this drag stress contribution included, the normal 
stress-velocity variation for dislocations shown in figure 6(b) assumes the shape shown 
in figure 6(c). Nabarro (1967) has suggested that serrations will occur in the strain rate 
(dislocation velocity) region between the points B and D in this figure since the 
dislocation velocity is a multivalued function of stress in this region; for a given value of 
the applied stress it is possible for the velocity to increase suddenly to a higher value. 
The region between C and D where the moving dislocation requires a lower stress for a 
higher velocity (negative strain rate sensitivity) is more commonly identified with the 
dynamic instability of plasticity leading to the pl effect (Sleeswyk 1958; Sleeswyk and 
Verel 1972; Wilcox and Rosenfield 1966; Yoshinaga and Morozumi 1971; Penning 
1972; Malygin 1973). Suggestions have also been made that serrated yielding could be 
considered as a manifestation of‘chaotic’ behaviour (Neelakantan and Venkataraman 
1982) or as an example of a ‘catastrophe’ in plastic deformation (Strudel 1983) arising 
from the negative-resistance feature between C and D. 
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Figure 6, (a) The solute drag stress on a 
dislocation as a function of dislocation ve¬ 
locity. (b) Normal stress-velocity relation for 
dislocation in the absence of the drag stress, 
(c) Actual stress-velocity variation due to the 
presence of a drag stress at intermediate 
velocities. 


That negative strain rate sensitivity is a crucial factor for the pl effect is now 
recognised in all the models. The treatment of McCormick (1983), for example, points 
out that the critical strain for the onset of serrated flow can be rationalised by matching 
the critical velocity (for negative resistance) with the solute diffusion coefficient. In the 
models of Van den Beukel (1975,1980) and of Mulford and Kocks (1979) it is held that 
any solute mobility makes a negative contribution to the total strain rate sensitivity and 
that this contribution increases with strain; when the total strain rate sensitivity 
becomes negative plastic flow becomes unstable. In arriving at the strain dependence of 
the strain rate sensitivity, Van den Beukel retains the notions of a strain-dependent 
solute diffusion coefficient and strain-dependent mobile dislocation density from the 
older models. Mulford and Kocks (1979), on the other hand, describe the strain rate 
sensitivity in terms of the flow stress o which is the sum of two components—the 
friction stress a y and the dislocation flow stress solute mobility affects a a, the strain- 
hardening component of the flow stress. More recently, Van den Beukel and Kocks 
(1982) have arrived at a unified approach which enables the negative strain rate 
sensitivity to arise as a consequence of the influence of solute mobility on both the 
friction stress (by decreasing the obstacle spacing along the dislocation) and forest 
hardening (by increasing the strength of dislocation junctions). 

In a paper that has not received the attention that it deserves, Weertman (1967) has 
suggested that the pl effect occurs as a result of an instability of the dislocations in going 
back and forth between a slow moving state and a fast moving state due to dynamic 
frictional stress drops. The effect occurs because of the inherent instability of the 
position that separates the fast slip region from the slow slip region in the slipped zone. 
The similarity between earthquakes and the behaviour of groups of dislocations in a 
slip band when the frictional force is reduced for any reason has also been pointed out: 
‘‘Earthquakes are merely, the pl effect exhibited in a sample whose dimensions happen 
to have a grand scale”. 

Mention should also be made of attempts to understand serrated yielding through 
mechanical and electronic models. Dry friction models that simulate the strain bursts in 
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staircase creep (Bodner and Rosen 1967) and the load drops in tensile tests (Rosen and 
Bodner 1969) have been devised which consider some of the features of dsa such as the 
negative strain rate sensitivity, work hardening and deformation by band propagation. 
Similar electronic analogs for the tensile test situation have also been demonstrated 
(Neelakantan and Venkataraman 1983). 

6. Other manifestations of dsa 

As we have mentioned earlier, serrations represent only one of the manifestations of 
dynamic strain ageing In figure 7 the various other anomalies associated with dsa are 
illustrated schematically. These are (i) a peak in the variation of a with T (ii) a peak in 
the variation of the work hardening 6 = Aa/Ae with T, (iii) a peak in the variation of the 
Hall-Petch slope with T, (iv) a minimum in the variation of the ductility with T and 
(v) a minimum in the strain rate sensitivity y = Ac/Alne with y going negative in the 
temperature region of serrated flow. The variations in y with stress and strain at 
different temperatures are also shown in figure 7. The types of serrations normally 
observed in the different temperature regions are also indicated. 



Figore 7. Schematic illustration of the various manifestations of dynamic strain ageing. 
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7. Issues to be resolved 

(i) The main issue to be resolved unambiguously is whether the load drops are caused 
by a sudden increase in or in v or in both. We are handicapped by the fact that we do 
not so far have an experimental technique to measure p„ or v during deformation. 
Acoustic emission measurements hold out promise as a potential method of attack on 
this problem. 

(ii) Deformation during serrated flow is inhomogeneous and localised in bands. The 
actual strain rate in the deformation band is much higher than the imposed or assumed 
strain rate. Measurements and analysis of deformation band parameters such as the 
band velocity, band strain, band width and the average strain rate in the band should 
therefore receive greater attention than they have hitherto (McO^rmick 1983). 

(iii) Current theoretical models are unable to account for the inverse effects 
increasing with increasing temperature and decreasing strain rate) observed in the high 
temperature-low strain rate region in which type C serrations are observed. 

(iv) Most of the models are incomplete in that they make ad hoc assumptions or use 
empirical relationships; there is no detailed understanding either experimentally or 
theoretically of the effect of strain on diffusion, of the dependence of mobile dislocation 
density on strain or of the effect of a solute atmosphere on dislocation-dislocation 
interactions. 

(v) Though it is often recognised that only short range diffusion in dislocation core 
(pipe diffusion) is involved in many manifestations of dsa, we are handicapped by the 
lack of an adequate knowledge of the appropriate diffusion coefficients. 

(vi) In analysing the dependence of a on e and T, is the splitting of the flow stress 
into additive contributions from forest interactions, solutes, lattice friction, justified? 
How is such an approach reconciled with the idea that the obstacle with the highest 
energy barrier will be rate-controlling? 

This list is evidently not an exhaustive one, but it does highlight some of the aspects of 
DSA that deserve greater attention from both experiment and theory in future. 
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Repeated yield drop phenomena as a cooperative effect 

G ANANTHAKRISHNA 

Materials Science Laboratory, Reactor Research Centre, Kalpakkam 603 102, India 

Abstract. We present a theoretical model of repeated yielding (ry) which reproduces many 
experimentally observed features, apart from showing how the temporal behaviour of the 
phenomenon emerges as a consequence of the cooperative behaviour of defects. We first 
consider the case of step-like creep curves. Our model leads to a coupled set of nonlinear 
differential equations which admit limit cycle solutions, and thence jumps on the creep curve. 
Approximate closed form solutions for the limit cycles and the steps on the creep curve are 
obtained. The model is then extended to the constant strain rate experiment by including the 
machine equation. The temporal ordering of ry is shown to follow, as well as several other 
features characteristic of ry. Chaotic flow is also exhibited: the model has a sequence of period- 
doubling bifurcations with an exponent equal to that of the quadratic map. Finally, we have 
analysed the fluctuations during the onset of RY using nonlinear Langevin equations. 
Fluctuations in the periodic (RY) phase are also investigated. We conclude that RY is another 
example of a dissipative structure. 

Keywords. Repeated yield drop; defects; cooperative behaviour; limit cycle solutions; 
nonlinear Langevin equations. 


1. Introduction 

There have been numerous phenomenological treatments of repeated yielding (ry) in 
the metallurgical literature (Bell 1973; Bodner and Rosen 1967; Cottrell 1953; 
McCormic 1972; Penning 1972; van den Beukel 1975,1980). The best known model is 
Cottrell’s dynamic strain-ageing model and its extensions (McCormic 1972; van den 
Beukel 1975,1980). In these models, expressions are derived for such quantities as the 
critical strain, the critical strain rate, the dependence of the flow-stress on the strain rate, 
etc. Little attention has been paid to relating these quantities to the basic dislocation 
mechanisms such as cross glide, the Frank-Read mechanism, the formation of 
dislocation locks, etc. Also, there has been no attempt to investigate how the temporal 
behaviour of repeated yielding could arise naturally as a consequence of the basic 
dislocation mechanisms. From this point of view Cottrell’s model is essentially static in 
character. 

The transition from a single yield drop to a situation where ry occurs when certain 
‘drive’ parameters {e.g., the strain rate, temperature, etc.), are varied has the physical 
features of a nonequilibrium phase transition. (For examples of such transitions 
which arise only when the system is driven away from equilibrium, see Nicolis and 
Prigogine 1977; Haken 1978). We have constructed dislocation-dynamical model 
(Ananthakrishna and Sahoo 1981; Ananthakrishna and Valsakumar 1982; Valsakumar 
and Ananthakrishna 1983) which exhibits most of the experimentally observed features 
of RY and demonstrates that ry is a nonequilibrium phase transition. Needless to say, we 
consider somewhat idealized conditions, and further do not attempt to lit any actual 
data. In § 2, we start with the simplest case, namely, steps on the creep curve. Based on 
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well-known dislocation mechanisms, we introduce a model which transforms one type 
of dislocation into another, giving rise to a set of coupled nonlinear differential 
equations for the corresponding densities. For a range of values of the rate constants, 
these equations are shown to admit limit cycle solutions. These lead immediately to 
jumps on creep curves. The model predicts a temperature range in which these jumps 
appear. In §3, we outline how approximate closed form solutions for the limit cycles 
and the steps on the creep curve are obtained. The results are shown to agree with 
experiments on zinc (Zagorukuyko et al 1977). Section 4 contains the extension of the 
model to the constant strain rate case by coupling the equations of §2 to the machine 
equations. The temporal ordering of ry is shown to follow (Ananthakrishna and 
Valsakumar 1982). Also demonstrated are several important features typical of ry such 
as bounds on the strain rate, bounds on the concentration of solute atoms, the negative 
strain rate dependence of the flow stress, the dependence of the amplitude on the strain 
rate and strain, etc. 

Our model also exhibits chaotic flow, which finds some support from experiments. 
We find a sequence of period doubling bifurcations (Ananthakrishna and Valsakumar 
1983) with an exponent identical to that for a quadratic map. This is presented in §5. 
Section 6 is devoted to the study of fluctuations during the onset of ry using nonlinear 
Langevin equations. We have used the Monte-Carlo and Gaussian decoupling methods 
(Valsakumar et al 1983). As the strain rate approaches its critical value, the variance not 
only diverges, but also shows the periodic nature of the fluctuations. Fluctuations 
within the periodic phase (ry) are also investigated. Our entire analysis shows that ry is 
another example of a dissipative structure (Nicolis and Prigogine 1977). In the final 
section, some unresolved problems are discussed. 


2. Steps on the creep curve 

2.1 The model 

Perhaps the simplest manifestation of instability in plastic flow, from a conceptual 
point of view, is a creep curve with steps. However, there are not many instances of 
measurements where stepped response has been observed (Ardley and Cottrell 1953; 
Navratil et al 1974; Stejskalova et al 1981; Zagorukuyko et al 1977; Da Silveira and 
Monteiro 1979; Lubahn and Felgar 1961). There appears to be no detailed theory for 
the phenomenon. The model we propose (Ananthakrishna and Sahoo 1981; 
Valsakumar and Ananthakrishna 1983) is a natural extension of our earlier work 
(Sahoo and Ananthakrishna 1982) where a theory of creep was developed under the 
assumption that mobile dislocations (denoted by g) and immobile dislocations 
(denoted by s) transform into each other and are in dynamical balance. In the present 
case, we introduce a third species of dislocations (denoted by i) which are surrounded by 
clouds of solute atoms. These are dislocations moving much slower than the mobile 
species, ultimately becoming immobile. The introduction of this species is reminiscent 
of the basic feature of Cottrell’s (1953) theory, so that the model is in keeping with the 
essential spirit of Cottrell’s theory. 

Let Ng, and iV, denote the densities of the s and i species respectively. The rate 
equations for these quantities are (a dot denotes the time derivative): 

= ^ + XN, - aAT,, 


( 1 ) 
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N, = kpNl - pIN^N, - XN, +a'N„ 

(2) 

Ni=-aNg-oL'N,. 

(3) 


Here V denotes the dislocation velocity. We assume that 0, Ji, a, a', and A are 
constants for a given stress at a given temperature. The first term in (1) corresponds to 
the production of dislocation by the cross glide mechanism; the second corresponds to 
the immobilization of two mobile dislocations and the annihilation of pairs of 
dislocations at a rate (/ — k)^; the third corresponds to the annihilation of a mobile 
dislocation with an immobile one; and the last arises from solute atoms gathering 
around dislocations. Once a certain number of solute atoms gather around a moving 
dislocation, its mobility is reduced, and it becomes a type i dislocation (hence the source 
term ccNg in (3)). As the size of the solute atom cloud increases, the dislocation 
eventually becomes immobile (hence the source term cl'Ni in (2)). The term AiV, comes 
from the (thermal or athermal) activation of immobile dislocations. The parameter a is 
expected to depend on the diffusion constant of the solute atoms, their concentration 
and the velocity of dislocations of type L The parameter a' is the rate of immobilization, 
and hence should be expected to depend on the critical velocity {k is a parameter close to 
unity). 

It is convenient to make equations (l)-(3) dimensionless by setting 
X = (mM)N^, y = (jJ./eVg)N,, z = (/xa7Aa)iVi. 

Then 

dx/dt = (/ — a)x — bx^ —xy H- y, 
dy/dr = b{kbx^ — xy — y + az), 
dz/dr = c(x—z), 

where 

X^dVgt, a^oL/eVg, b = XieVg, c^a'ieVg, 

(We have sGt fi = fj! in order to reduce the number of parameters.) 

2.2 Stability, analysis and existence of limit cycles 

Equations (5)-(7) form a nonlinear system. Under well-known conditions (Minorsky 
1962), these admit periodic solutions called limit cycles for a certain range of values of 
the parameters a, b, c and fc. Although the method of investigation is well known, for the 
sake of completeness we briefly outline the procedure used. Limit cycles are special 
classes of solutions which are isolated closed trajectories in the phase space (x, y, z) such 
that any trajectory which is sufficiently close to it either approaches it or recedes from it. 
Such closed trajectories can arise only in nonlinear systems. The search for limit cycles 
is generally preceded and aided by an investigation of the properties of the system 
around the steady state values x^, y^, and z^. The stability of the system is decided by the 
nature of its singular points—node, focus, saddle point or centre. Linearising the set of 
equations around (Xa,y^,z„), one obtains an equation of the form 

d^/dx = (9) 

where ^ is the column vector with components (x — xj, (y — ya), (z -zj, and is a 
3x3 matrix. A node arises when all three eigenvalues o(W are of the same sign, and a 
saddle point when only two of these are of the same sign; a focus occurs when there are 
two complex conjugate eigenvalues, and a centre when one eigenvalue is identically zero 


(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
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and the other two are pure imaginary. (In the last case the nature of the singular point 
may have to be analysed more carefully; see Minorsky 1962). 

An attractive limit cycle exists if there is a surface surrounding an unstable focus into 
which aU trajectories enter: in the present case, we first look for a domain in the 
parameter space (a, b, c, k) when two of the eigenvalues are complex with at least one of 
them having a positive real part, and then show that such a surface exists 
( Ananthalfri.«ihna and Sahoo 1981). The only constraints that we have on the values of 
the parameters are a < 1 (which arises because the total rate of production of 
dislocations is positive); k < 1; and a,b,c> 0. {Ng, N, and N, are obviously positive). 

2.3 Staircase creep 

An analytical solution of (5)-(7) for arbitrary values of the parameters, and valid for all 
times, is difScult. To obtain numerical solutions, Vg must be known as a function 
of N = Nt+N, + Ng and where a* is the effective stress. For simplicity we 

assume Vg to be constant. Although this assumption is not physical, it can be argued 
that it will not alter the qualitative features of staircase creep (Ananthakrishna and 
Sahoo 1981). The creep curve obtained by integrating the Orowan equation is shown in 
figure 1. The steps on the creep curve appear only in the secondary region, which is 
consistent with the existing experimental results (Zagorukuyko et al 1977; Da Silveira 
and Monteiro 1979). 

Our model also predicts a feature which is in agreement with experiment, namely, 
that there are upper and lower bounds for the asymptotic creep rates for which staircase 
creep occurs. These arise because the frequency of oscillation ~ Vglxa <»i, where (Oy is 
one of the two cdmplex conjugate eigenvalues of W. Bounds can be put on Im cu^. 



Figure 1. Staircase creep for typical values of the parameters a, b and c. 
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depending on the basic mechanism prevailing in the system. This implies corresponding 
bounds on Vg in order to have observable steps on the creep curve. This in turn implies 
that the phenomenon can only be observed over a finite range of 8 (in practice, 
somewhat less than three orders of magnitude). Moreover, since Vg is temperature 
dependent (for a fixed stress), this phenomenon can only occur over a fixed range of 
temperature, as corroborated by the experimental results of Zagorukuyko et al (1977). 

3. Approximate solutions 

We outline an analytic procedure for obtaining asymptotic solutions to our 
equations. This is essential if one wants to relate the theoretical rate constants to 
accessible parameters such as the applied stress temperature T, concentration of 
solute atoms C, etc. Our method follows that of Tyson (1977) for the Belousov- 
Zhabotinski oscillating chemical reaction. The main point is to identify a fast mode and 
adiabatically eliminate it to obtain a reduced set of two coupled equations from the 
original set of three equations (5)-(7). Approximate solutions are then obtained by 
using the method of relaxation oscillations (Minorsky 1962; Tyson 1977). Defining 
X = x — Xa,Y = = z-Za, and t' = fct, (5)-(7) may be re-written in the form 

ftX = - [aX + jay + bX^ + XY\ (10) 

Y= -.\yX + SY-bX^^-XY-aZ\ (11) 

Z = ^[A--y], (12) 

where the dot now refers to differentiation with respect to t'. Further, the constants 
a,.. ., ^ are 

a = a + 2bx„ + y„-l, P = x^-l, y = y„-'2i>x„, 5 = x^ + 1 (13) 

(The constant a used here is distinct from that appearing in (1) of §2.) Since b a, c, we 
see that | X | -*■ oo as h -+ 0 unless the right side in (10) vanishes identically. This amounts 
to saying that X must change with a characteristic time ~ b to maintain the condition 

aX + py+bX^ + XY = 0 (14) 

Thus is a fast variable that can be adiabatically eliminated from (10)-(12), and the 
resulting pair of independent equations used for further analysis. 

We use the results of stability analysis and further express a, P, y, S, x„ y„ and as 
power series in b. We then determine the ‘null clines’ 

y=o^Zi = z(K) = 2f(y)+^[x,+x(y)]r, (i5) 

and 

Z = 0**Z2 = X(y), (16) 

and again express Z(r) in powers of b. To find the limit cycles, we look for the 
intersection of the null clines in the region of neptive slope. From the expressions for 
the'null clines Zi and Z 2 we obtain a reasonable idea of the phase portrait. For a < 1/3 
and for l/yj2 < a < 1, the steady state is stable. For 1/3 < a < 1/ y/2, the null clines 
intersect in the negative slope region, which means that a limit cycle exists. Figure 2 
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Figure 2. Phase plane portrait (the 
null dines and Z 2 plotted as a 
function of Y) in the case 1/3 < a 
< 1/2. The limit cyde is ABCDA, 


shows a typical phase portrait for 1/3 < a < 1/2. Starting from an arbitrary point, the 
trajectory moves along the null cline 7=0 until it reaches the turning point D, from 
where it almost instantaneously jumps to A. Thereafter it moves along the branch 7=0 
(slowly) until it reaches the second turning point B from where it jumps to C, and the 
process continues. Thus the trajectory is a closed one and the limit cycle is i4 B -> C 

D X. From the expressions for and Z 2 , it is possible to calculate also the period, 
the amplitude and the wave form of the limit cycle solution. Finally, as already stated, 
we can integrate the Orowan equation to obtain the steady state creep curve which 
exhibits steps (Valsakumar and Ananthakrishna 1983). 

Although the results of the model (in its present form) are not directly applicable to 
the detailed results on zinc (Zagorukuyko et al 1977), they still permit qualitative 
comparison. That the steps are seen only in the secondary creep region is obviously 
consistent with our theory, since the latter predicts a bifurcation from the steady state 
solution to a periodic one. Zagorukuyko et al (1977) report a rapid monotonic increase 
of the magnitude of the step in the strain as a function of a weak, decreasing 
dependence of the period of the jump on cr„; and a decrease of the magnitude of the 
jump in strain with increasing T, All these features are consistent with our work. 

4. Repeated yield drop 

Our model can be extended to a constant strain rate experiment by augmenting 
equations (l)-(3) with the machine equation representing the load sensed by the load 
ceU, namely 

d, = X[6-6o(iV, + vN,)K>*)], (17) 

where a dot denotes the time derivative. Here e is the imposed strain rate, K is the 
effective compliance, is the Burgers vector and a* is the effective stress. The second 
term on the right in (17) is the plastic strain rate e^. We assume the power law 
^o(^*/<^o)” with a* = where H is a constant characteristic of 
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hardening and m is a velocity exponent. Following a procedure similar to that of § 2, it 
can be shown that there is a domain in the space of the relevant parameters for which 
limit cycle solutions exist. Choosing values of the parameters in the domain of 
instabihty so as to be consistent wjth the expected values of the dislocation densities and 
the yield drops, numerical solutions of the system of equations may be obtained, and 
various characteristic features of the ry exhibited may be studied. These appear to be 
generally consistent with the experimental results. (Note that the latter are in the nature 
of averages over the sample dimensions.) We list these salient features: (a) There is a 
range of 8 over which serrations are seen, (b) The model exhibits the negative strain rate 
behaviour of the flow stress at a fixed value of the plastic strain. The inset in figure 3 
shows a typical plot of vs e'p, with a minimum in at a point = ^nin- Curves 
conesponding to larger arc displaced successively upwards. This feature has been 
both theoretically (Penning 1972; van den Beukel 1975) and experimentally verified 
(Bodner and Rosen 1967). (c) Figure 3 shows a typical plot of serrated yielding. The 
serrations are asymptotically periodic. Since it is not possible to identify them (from the 
plot itself) as serrations of type A or type B, a strain rate change test (Wijler and van 
Westrum 1971) must be carried out, from which it is found that beyond 8 ^ 1 ^ the 
serrations arc of type B. (d) The amplitude of the serration increases up to and 
decreases thereafter, (e) The amplitude increases and saturates as a function of e, 
consistent with experiments (McCormic 1971). (f) There are upper and lower bounds 
on the parameter a of (1) within which serrated yielding occurs. Since a depends on the 
concentration of solute atoms, this implies that there is a range of the solute atom 
concentration in which the phenomenon occurs, (g) 8 ^ (the critical strain), as a function 
of 8 , first decreases and then increases (McCormic 1971). (h) Beyond the range of e 
where serrated yielding occurs, the ‘normal’ behaviour of ( 7 ^( 8 ) is resumed. 

It should be pointed out that there has so far been no attempt to derive the negative 
strain rate behaviour of flow stress (which is crucial for any meaningful description of 
the phenomenon) starting from dislocation interactions. In the existing theories this is 
either assumed (Penning 1972) or derived (van den Beukel 1975) through a 
phenomenological treatment of waiting times involving in any case only individual 
dislocations. In contrast, this property emerges naturally in the present model from a 
consideration of dislocation interactions. 

We have shown that the new temporal order represented by serrated yielding is the 
consequence of a bifurcation from a temporally homogeneous steady state plastic flow 



Figare 3. Calculated stress-strain 
curve showing repeated yielding. The 
inset is a graph 0 -^ ip for the same 
values of the parameters. 
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beyond some critical values of the parameters. This order is a result of a balance 
between the energy input (in the form of dislocation multiplication) and dissipation 
(annihilation, immobilisation and other processes). The phenomenon is obviously a 
far-from-equilibrium situation and is an example of a dissipative structure (Nicolis and 
Prigogine 1977). 

5. Chaotic flow 

We now turn to the chaotic flow exhibited by our model over a certain range of a drive 
parameter, the applied strain rate. (There is also some experimental evidence for such a 
flow, which will be discussed subsequently in brief). This adds to the growing list of 
models and physical situations exhibiting chaos (Ott 1981; Eckmann 1981; Lauterbom 
and Kramer 1981; Jefferies 1982). The model has an infinite sequence of period- 
doubling bifurcation eventually leading to chaos. The region over which chaos is 
exhibited is very small compared to the range of t over which ry is seen (ry is considered 
to be periodic). We have calculated the value of the associated exponent and found 
it to be the same as the exponent for the quadratic map. We have also obtained the 
associated one-dimensional map. As the parameter of interest is the applied strain 
rate ^ we fix the values of all the other parameters within the instability region and 
study the bifurcation sequence with respect to the parameter e = e(jifXVobo)- The 
region where the period doubling bifurcation occurs is small, and is located near the 
upper end of the range of e (the dimensionless strain rate) over which ry is observed. 
For the chosen values of the parameters, the first bifurcation from the periodic state 
with period Tto a state with a period 2r occurs at Ci = 159 98444, while the successive 
bifurcation to states with period 2^T, 2^,..., occur at $2 = 173-7178, «3 = 175-8974, 

-The exponents S = lim(e, —e,_i)/(e„+i ~e„) appears to be very close to that 

obtained by for the quadratic map (Grossman and Tnomae (1977X Feigenbaum 
(1978)). The estimated value of e„ is 176-4669, beyond which we find chaotic motion. 
Figures 4 and 5 show the variation of the stress a, with time (equivalently, the strain) for 
e — 174-679 (motion with period 47) and e = 178-205 (chaotic motion) respectively. A 
log-log plot of the projection of the strange attractor in the AT, — plane is shown in 
figure 6. The associated one-dimensional map is shown in figure 7. Unlike the 
corresponding map for the Lorenz model (Ott 1981), our map has a smooth rounded 
maximum similar to the quadratic map except that it is very much skewed. 

The fact that our model can exhibit chaotic flow has prompted us to look for 
experimental evidence for the plots of repeated yield drops. (Of course, the value of the 
parameter which controls the magnitude of the variation in (r„, i.e., the magnitude of the 
yield drop, has to be appropriately chosen). Even though we are constrained by the fact 
that the average stress level remains constant in our model, we have found evidence 
(Hall 1970) in support of such flows. Experimentolly, too, this occurs towards the end of 
the e range for which ry is seen. If we subtract the normally observed slow increase in 
the base level of the stress, there appear to be many more situations which perhaps 
correspond to chaos (Rosen and Bodner 1969). 

6. Fluctuations during the onset of repeated yielding 

We have discussed so far the possibility of a new temporal phase arising as a drive 
parameter (here, e) is varied. The situation corresponds to a hard mode instability in 
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Figure 4. Stress-strain curve for e = 174-679 with period 4T. 

Figure 5. Stress-strain curve for e = 178-205, i.e., in the chaotic region. 

Figure 6. A log-log plot of the projection of the strange attractor for e = 178*205 in the 
x-<l> plane. Here x = (fi/X) Ng and 0 = <T„/ero. 

Figure 7. The one-dimensional map associated with chaotic flow in the model. 


which the real part of complex conjugate modes changes sign (from negative to 
positive) in the frequency plane, as the drive parameter crosses its critical value. The 
foregoing analysis is completely deterministic. We now analyse the nature of the 
fluctuations when the parameter is in the neighbourhood of its critical value. 

Our analysis begins with the nonlinear Langevin equations obtained by adding 
Gaussian white noise terms to the deterministic equations. We have used both the 
Monte Carlo technique and a Gaussian decoupling method (Valsakumar et al 1983) to 
study the fluctuations. (However, in the present context the second method can be 
applied only in the special case H = 0; otherwise powers of are present, which 
cannot be handled without further approximations). It is convenient to discuss the 
general features of the fluctuations with the help of the equivalent Fokker-Planck 
equation. The standard form of the Fokker-Planck equation is 


( 18 ) 
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where 

dy 

and 

^ = Ci(y) and { = e"^/^[x-y]. (20) 

Here, X is the random variable, y its mean, Ci(y) the first jump moment and C 2 {y) the 
second moment. {K is the regression matrix.) e is the (system-size) expansion parameter. 
To identify the onset of the periodic state beyond the critical value of the drive 
parameter, it is convenient to use the concept of the ‘irreversible circulation of 
fluctuation’ defined by (Tomita and Tomita 1974; Tomita et al 1974) 

a = i[(W-Kff] (21) 

where tr is the variance (T represents the transpose). K and a are related by 

icT = a + lCcr + iD. (22) 

If a periodic state occurs as a result of the hard mode instability both a and a diverge; 
the instability is incurred through a, which becomes increasingly large as the transition 
point is approached from below. 

Our preliminary investigations reveal that as s from below, the fluctuations 
show an overall growth which is indicative of the divergence of the variance, in addition 
to exhibiting a near periodic modulation which is indicative of the approach to a 
periodic state. For a > the fluctuations have the normal characteristics expected 
when limit cycle solutions are supported. The details of this study will be reported 
elsewhere. 


7. Concluding remarks 

We have shown that the state of temporal order represented by steps on the creep curve 
or by repeated yield drops is a consequence of a bifurcation from a temporally 
homogeneous, steady-state plastic flow. (A similar approach has been used by Kubin 
et al (1984) for low temperature ry.) A major criticism that can be raised is that the 
theory does not take into account the inhomogeneous deformation that normally 
accompanies the phenomenon. (Although, to the best of the author’s knowledge, 
experiments do not show which is the cause and which is the effect, i.e., whether an 
inhomogeneous deformation is the cause and a yield drop is the effect, or vice versa. We 
believe that it is not possible to disentangle the two. Nor is there any theory that takes 
the inhomogeneous deformation into proper account. The closest is that of Penning 
(1972) in which the feature is simply assumed). However, we argue (Ananthakrishna 
and Valsakumar 1982) that if the space dependence is properly taken into account, the 
inhomogeneity of the deformation should follow automatically. The point is that such 
an extended model would still exhibit the negative strain rate behaviour of the flow 
stress (which has been assumed by Penning (1972) to show that hopping and 
propagating band type solutions are supported). Attempts are underway to dem¬ 
onstrate explicitly that such solutions indeed occur when appropriate space depen¬ 
dence is included. 
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Another possible criticism could be that the model merely ‘mimics’ the effects of the 
waiting of dislocations at obstacles which van den Beukel (1975) has used to derive 
< 7 ( 8 p). However, this work deals with individual dislocations whereas what is observed in 
an actual experiment is an ensemble average over participating dislocations. Therefore, 
for such a theory to hold good, there must be a ‘phase coherence’ between the 
dislocations, if the effects are to manifest themselves at a gross level. Further, it is known 
that the negative strain rate behaviour is essential for ry. (For a detailed analysis of 
various tensile test conditions using the negative strain rate behaviour, see Neelakantan 
and Venkataraman 1983). Our analysis shows that this behaviour is a consequence of 
the competition between different dislocation interaction mechanisms. We have also 
checked (Ananthakrishnaand Sahoo 1981) that the incorporation of certain other basic 
dislocation mechanisms (pile up, pinning and depinning of dislocations from obstacles) 
leads to similar results. 

Finally, it should be pointed out that several materials like nylon (Schultz 1974), 
metallic glasses (Takayama 1979), wood, etc. are known to show ry. The present work 
suggests that the mathematical mechanism in all these cases must be the emergence of 
limit cycle solutions which are characteristic of non-linear systems. As plastic flow is 
basically nonlinear, such solutions are an intrinsic possibility. The basic microscopic 
physical mechani sms of course are bound to be different in different materials. 
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Discussion 

P Rodriguez: You cited some results on zinc. In your model, the Cottrell type of solute 
locking is envisaged. What was the solute species? 

G Aniinthalfri.«shna: Zinc is a poor example (the dislocations are actually produced due 
to inhomogeneities at the surface). 

Rodriguez: Many of the conclusions with respect to the critical strain, the magnitude 
of the strain burst, the delay time for the strain burst to occur, etc., follow automatically 
once Cottrell locking is introduced. It is therefore not surprising that the model gets 
these right. 

Ananthakrishna: Cottrell iocking is not manifest in the equations of the model. 

N Kumar: You get period doubling bifurcations even though your maps are not 
discrete. Is this because of the higher dimensionality of the system of equations? 

Ananthakrishna: One-D are the simplest of systems which exhibit chaos. Coupled 
system of differential equations also ejthibit such a behaviour. The associated 1-D map 
can be obtained. 

C K Majumdar: It would be interesting to examine the structure of your set of 
equations from the point of view of catastrophe theory. 
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Mechanisms and empirical equations for deformation and some 
principles of alloy design 

T BALAKRISHNA BHAT 

Defence Metallurgical Research Laboratory, Kanchanbagh, Hyderabad 500 258, India 

Abstract. Some aspects of the deformation behaviour of solids at very high, moderately high 
and low strain rates are discussed. In the very high strain rate region, deformation equations 
and the physics of the shock front are analyst to propose a route to lower energy dissipation 
at the-shock front. In the moderately high strain rate region, alloy design principles for 
maximizing the deformation resistance are outlined. In the low strain rate region, an analysis of 
the physical basis for the power law creep equation is presented. Some physical arguments are 
presented as a rationale for the high stress exponents and activation energies often observed in 
particle-strengthened alloys. The additivity of strain rates by various mechanisms is also briefly 
discussed. 

Keywords. Deformation mechanisms; empirical equations; dislocation dynamics; shock 
front; impact resistance; alloy design. 


1. Introduction 

The behaviour of solids under deformation depends on ihe operating stress level, the 
temperature, and many material properties such as the elakic modulus, the microstruc¬ 
ture and the properties of the individual constituents. The behaviour is indeed complex 
and can be described only by semiquantitative and quasi-empirical relations. In the very 
high strain rate region where shock waves predominate in the flow process, the 
microstructure and initial temperature are relatively unimportant. The crystalline state 
and basic material properties such as the modulus and density are important in this 
region. In the lower strain rate region such as that observed in the ballistic testing of 
materials, the stress-strain diagrams, the glide resistances, the phonon drag and the 
temperature play important roles. In the low strain rate region as in creep, the operating 
temperature and stress are most important. A smaller but significant role is also played 
by the microstructure. The regimes of deformation rates and stresses of interest in the 
present discussion are shown in figure 1. 


2. Deformation at very high pressures and strain rate 

Pressure impulses injected into materials generate shock waves. At low pressures the 
shock front consists of purely elastic strains and the wave propagates over large 
distances with relatively little attenuation. A typical example of such a wave is that of 
sound waves generated by gentle knocks on any solid. More intense waves such as those 
generated during hollow charge collisions or in implosions intended for thermonuclear 
fusion generate high nonelastic strains at the wave-fronts. Such waves suffer large drags 
and tend to get dissipated. This drag is in some cases undesirable, for example in 

677 



678 


T Balakrishna Bhat 



Figure 1. Stress-strain rate regimes con- Figure 2. Schematic diagram illustrating 
sidered in this paper. the strain at a shock front s = (x -y)/x. 


thermonuclear experiments. We may therefore analyse the drag mechanisms in terms of 
a specific question, namely, how to reduce the drag. 

At the shock front a low density phase is transformed to a high density phase. This 
transition induces both bulk and shear strains at the front (Gilman 1979). Figure 2 
illustrates the situation at the shock front. The strain there may be written as 

e=(p-Po)/Po. 

where Po is the initial density and p is the shocked density. The power dissipated at the 
moving front is 

G = Be^Bv^/W, (2) 

where B is the drag coefficient, is the speed of the shock front, and W is the width of 
the transition region between the shocked and the unshocked state. The power 
dissipated at the shock front is thus controlled by the parameters B and W. 

In crystalline solids the shock front moves via the coordinated motion of atoms. The 
interface between the shocked and the unshocked regions is thought to consist of a set 
of interface dislocations and a compressed zone (figures). The areal density of 
dislocations, Pj^,, depends on the compression ratio according to 

where b is the Burgers vector. Figure 4 is a plot of this dependence. The dislocation 
spacing approaches b at high compression ratios. The shear strain rate at those 
dislocations (which travel with the shock front) becomes e = v^/b. Typical values are 
Ugjj ~ 10^ cm/sec and t = 2*5 x 10“® cm, so that e 4 x 10^^ sec"^ At such a high 
strain rate, even in a material as fluid as water (viscosity 'v, 10“^ poise) the drag 
becomes 4 x 10"^ kg/mm^! Shock pulses therefore attenuate extremely rapidly. One 
way to reduce this drag pressure would be the use of metallic glasses which have a 
liquid-like structure on either side of the shock front. The intense localisation of strains 
arising from the smallness of the Burgers vector of the dislocations is then avoided. 

3 . Deformation at moderately high strain rates 

At lower stress levels (the middle shaded region in figure 1), the deformation front 
advances at subsonic speeds. A typical example in this range of strain rates is the 
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Figure 3. Schematic illustration of the 
interface structure at shock fronts in crys¬ 
talline materials. 



Figure 4. Variation of dislocation spac¬ 
ing (in units of b) at the shock front as a 
function of the compression ratio. 


deformation armour under ballistic attack. Strain in this regime normally occurs by 
dislocation movement. The flow is governed by highrvelocity dislocation dynamics. 
The equation of motion for a dislocation line is of the form (Kocks et al 1973) 

My + By = b((T-x), 

where Af is the ‘mass’ of the dislocation, B is the viscous drag coefficient, a is the applied 
stress, and t is the lineglide resistance of the dislocation element against sloiv glide. 
near ly, M, B and T must be maximised for increasing the strength of the material. The 
‘mass’ M of the dislocation can be shown to be 

M = 17/oj = 1/2 b^p, 

where U is the line energy per unit length of the dislocation, v, is the velocity of sound, 
and p is the material density of the material. Hence high density materials {e.g., steel) 
and materials with large Burgers vectors (c.p., intermetallics) offer greater resistance to 
dynamic flow. The drag coefficient B is controlled by the Peierls potential and the 
phonon-dislocation interaction. Dissipation of energy occurs when dislocations 
interact with phonons. In addition, shear-stress fluctuations due to phonons cause 
dislocations to flutter. Nonlinear elastic strains near dislocations also scatter phonons 
because of local changes of modulus and density (and hence of the speed of elastic 
waves). These mechanisms retard moving dislocations. Further, a moving dislocation 
has to build up and relax elastic strains, and this process is also retarded by the 
interaction with phonons. All these factors lead to a drag coefficient of the form (Kocks 
et al 1973) 

B = k^T/ao), 

where D is the atomic volume and co is the atomic frequency. In contrast to the other 
T pe/^haniems resisting flow, the drag B increases with temperature. Moreover, there is 
also a rapid increase of B when the speed of the dislocation ^ 05 u,. This is because the 
strain field of the dislocation begins to be compressed into smaller volumes (for lack of 
time!) at any given location. However, the discrete nature of the atoms and the low 
compressibility of atomic cores puts an upper limit to this contraction and allows 
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‘supersonic" speeds to be reached at high stress levels, as in the shock waves discussed 
earlier. 

Turning to the parameter t (the line glide resistance) in (4), we observe first that this 
resistance normally varies with the location on the glide plane. The Peierls resistance, 
for instance, varies periodically with a wavelength b. Solute atoms provide small 
discrete obstacles. Precipitates, interphase interfaces and cell or grain boundaries 
provide a coarser but stronger set of obstacles. Some of these obstacles are repulsive to 
dislocations, some are attractive and some are energy-storing. A schematic glide- 
resistance diagram is shown in figure 5. The spatial variation of the effective driving 
force on the dislocation results in an oscillatory motion superposed on its steady state 
motion. This induces radiation of elastic energy from the moving dislocation into the 
crystal. As this energy must also be supplied by the applied stress, the hills and valleys in 
the glide-resistance diagram contribute to the drag. The varying effective driving force 
also causes rapid acceleration or deceleration of the dislocation as it moves in the glide 
plane. The dislocation may then be able to overcome an obstacle on its path at least in 
part through its inertia. Attractive obstacles are specially prone to this phenomenon, for 
the energy picked up in the ‘downhill’ motion of the dislocation can facilitate its 
subsequent travel ‘uphiir. Similarly, many small obstacles met with after passage 
through a large repulsive obstacle can be overcome dynamically. It is also possible for a 
moving dislocation to interact with near-by dislocations and transfer energy to them. 
Thus, under dynamic conditions obstacles incorporated in the matrix begin to lo^e their 
individuality and efiBcacy and the macroscopic concepts of flow stress may no loi^ger be 
valid. I 

The onset of this dynamic behaviour is influenced by many factors. Higher values of 
the viscosity and larger obstacles sizes or spacing postpone the onset to higher 
dislocation velocities. Larger values of M and b favour an early transition. For obstacles 
of width smaller than a few Burgers vectors, dynamic effects emerge when (Kecks et al 
1973) 

(ct/G) > {k^TiaG)\ (7) 

where a is the stress level and G is the shear modulus. A rationale for specifying low-T 
impact properties for armour materials is hidden in this above equation, because low 
temperatures bring out the dynamic effects at lower stresses and strain rates. This also 
suggests that the results of low-T tensile tests may correlate better with ballistic 
performance when the highest suitable test temperature is chosen by the onset of 
simultaneous decrease in strength and ductility. 

Certain alloy design criteria (for good ballistic performance) also emerge from this 
discussion. A material that must resist flow at the strain rates, presently under 



Figure 5. Schematic glide-resistance 
diagram in multiphase materials. 
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consideration, should not exhibit significant dynamic weakening. Thus, a high Peierls 
stress is particularly detrimentaL Also undesirable are microstructures with precipitates 
that almost touch each other, as are attractive precipitates, even when they are strong. 
Long range barriers such as subgrains, martensite lath boundaries, strong and large 
(> 2000 A) repulsive precipitates, or repulsive-type solute elements would be the ideal 

, candidates for the purpose at hand. 

t 

4. Deformation at low stresses and strain rate 

Even at low stresses materials can deform provided the temperature is sufficiently high 
to permit thermal activation of certain microscopic processes. This deformation mode, 
called creep, has been extensively studied over the years and a variety of equations, 
mechanisms and explanations have been proposed by various workers. 

One particular widely-used semi-empirical equation is the ‘power law’, according to 
which the creep rate e can be expressed as the product of a (small) power of the stress 
and an exponential function of T : 

a = A{Gb/KT) (cIGYDotxpi-QIRT), (8) 

Here A is 3. constant, Dq is the preexponential in the diffusion coefficient, R is the gas 
constant and Q is the activation energy for diffusion. This equation has been shown to 
work for simple metals and ionic solids (Bird et al 1969). Nevertheless, many difficulties 
and unexplained modes of behaviour persist. The magnitude of the creep rate predicted 
by (8) is often incorrect (Evans and Knowles 1981). The index n lies anywhere between 1 
and 6 and sometimes can be as high as 40 (Benjamin and Cairns 1971). The observed 
activation energy for creep often deviates significantly from that for diffusion, and in 
addition varies with T and a (Poirier 1978). Moreover, even if there is a correlation 
between the activation volumes for self-diffusion and creep, one cannot unequivocally 
conclude' that the creep is diffusion-controlled, because it can be shown that any process 
that depends on the pressure through the modulus will also have the same activation 
volume (Beyeler 1969). In spite of the large literature extant on the subject, a generally- 
agreed upon theory is lacking as yet. 

4.1 The stress exponents and the creep deformation mechanisms 

The index n is unity for viscous flow in solids, as in fluids. This is a characteristic of 
microscopically homogeneous or structureless flow. Diffusional flow as in poly- 
crystalline materials at elevated temperatures also exhibits a linear stress dependence. 
Basically, the applied stress serves only to generate higher point defect concentrations 
on grain boundaries under tensile stress relative to boundaries under no stress. The 
concentrations are exponential functions of {ail/kgT) which approximate to linear 
functions of a at low stress levels (Nabarro 1948; Coble 1963). 

Several anomalies exist in the dislocation creep region. Stocker and Ashby (1973) 
have used a heuristic statistical analysis to prove that n = 3 is the most probable value 
for dislocation creep. A simple way to see this is as follows: The dislocation density 
oc while the dislocation velocity oc a, in a viscous flow picture. Orowan’s equation 
then directly leads to e x The same conclusion can also be reached if we treat the 
creep as being controlled by the coarsening of dislocation networks (Evans and 
Knowles 1981). 
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Dislocation creep that is controlled by recovery processes generally has a larger stress 
exponent. One such process is the mutual annihilation of dislocations with opposite 
Burgers vectors (or their segments) when they meet each other. If p + and p _ denote the 
densities of dislocations with Burgers vectors of opposite signs, the annihilation can be 
considered as a second order reaction with a rate given by p = K^vp + p^ wherepis the 
total dislocation density and is a reaction constant The rate of reaction, and hence 
of recovery, is evidently greater the higher the dislocation velocity. The strain rate 
associated with the recovery can be written as 6 = pbs where s is the average distance 
travelled by a dislocation before annihilation. Substituting a quadratic dependence of 
the dislocation density on (t and a linear dependence of v on a, we get 

e - (9) 

This recovery strain rate leads to a proportional but larger glide strain rate, which is the 
observed strain rate. Thus, recovery-controlled creep is expected to have a stress 
exponent equal to four. 

One may be tempted to combine such power laws into a general functional form 

e = (10) 

n 

where the a„ are independent of <7, a particular mechanism being associated with each 
distinct n value. Equation (10) implies that the control of the creep rate shifts to the 
mechanisms corresponding to higher n values with increasing stress. Often, however, 
this is not the case. One plausible conclusion from this is that the index n has no specific 
connection with any mechanism. Alternatively, one may invoke a back stress concept, 
such that the effective stress for creep is given by 

t7en-=<T-ffi = <T-/;(CT), 

where a is the applied stress and the function^ depends on the specific mechanism 
concerned. The back stress can be considered as a measure of the energy spent on 
athermal steps that are essential for creep but do not directly lead to any significant creep 
strain. A specific illustration of the use of back stress concept is in the creep behaviour of 
particle-strengthened systems. Unusually large n values are often observed in both 
diffusional creep and dislocation creep regions (Benjamin and Cairns 1971). Recently, 
we have shown how the anomalous stress exponents in td Nichrome and Mar M -200 
superalloys fall in line with that for nickel once the back stress arising from strong 
dislocation-particle interactions is taken into account (Balakrishna Bhat and 
Arunachalam 1980; Balakrishna Bhat 1981). When the particles are attractive, the back 
stress appears as a threshold stress; when they are repulsive, the back stress increases 
with applied stress, reaching a limiting value as shown in figure 6. The back stress for 
diffusion creep is believed to be associated with the interaction of grain boundary 
dislocations with particles at the grain boundaries. It must be mentioned that the term 
‘back stress’ has also been used in several different contexts. For example, it has been 
identified with the internal stress which includes the average stress field of the 
dislocation structure together with the cell boundaries (Pahutova and Cadek 1973; 
Argon et al 1981). In reality, the power law discussed earlier is the result of the 
interaction of defects among themselves and with the background stress field; the 
average stress field of the other defects is therefore already taken into account, and it is 
incorrect to include it once again in the back stress. 
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4.2 Activation energy for deformation 

4.2a Activation energy and the bulk modulus: The activation energy can be 
considered as the work a solid under load has to perform on itself in temix)rarily 
expanding against its own bulk modulus to accommodate the moving unit of flow. 
Figure 7 is a plot of Q/[n(l - F/)] vs the bulk modulus for various metals. {Pf is the 
packing factor for the crystal). The approximately linear fit is noteworthy. It is 
interesting to note also that the activation energy is the energy that gets stored in the 
empty space £1(1 -Py) as the solid momentarily dilates or contracts! 

4.2b Activation energy for dislocation creep and the creep mechanism: A power law for 
creep presupposes that the activation energy for creep is equal to that for diffusion. 
However, the observed value of the activation energy is not constant. It increases with T 



Figure 6. Schematic variation of back stress 
with applied stress a in particle- 
strengthened alloy systems. 



Figure 7, Dependence of Q/[D(1 — P^)] on bulk modulus for metals. 
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to match the activation energy for diffusion only in some small range of homologous 
temperature which, moreover, is different for each material (Poirier 1978). In particle- 
strengthened systems anomalously high and variable activation energies have often 
been reported. 

It has often been suggested that the variation of the elastic modulus with temperature 
should account for the anomaly (Shewfelt and Brown 1974). However, this is not very 
convincing. Consider a force-displacement diagram between the atoms in a crystal as 
shown in figures. The elastic modulus reflects the rate of energy storage for 
infinitesimal displacements from the equilibrium value whereas the activation energy 
reflects the energy needed for a displacement equal to a lattice parameter which is more 
like the area under the curve. The inadequacy of the effect of T on £ as a measure of its 
effect on Q is obvious. 

The apparent activation energy for creep in particle-strengthened systems also 
depends on the back stress and its variation with temperature. This contribution to the 
apparent activation energy is given by (Balakrishna Bhat 1981) 

AQ = [nKry{G^<T,)-][daJdTl ( 11 ) 

For diffusion creep with low n and the contribution is relatively small. For 
dislocation creep with large n and (as in td nichrome), the contribution can be large. 
Further, varies an order of magnitude more rapidly with T than is predicted by the 
variation of the elastic modulus alone. The reason for this difference is not clear at the 
moment. Perhaps, with increasing T dislocation climb increases exponentially, 
facilitating the selection of easier flow paths by a sampling of the field of glide resistance 
along all three axes. The effective glide resistance (which one may call the ‘volume glide 
resistance*) or the back stress for creep will be different from the ‘plane glide resistance’ 
derived for a planar distribution of obstacles and a largely in-plane overcoming of 
obstacles by the dislocations. During creep, dislocations accumulate in difficult-to-glide 
locations and direct the other dislocations to climb over to easier regions of flow. When 
once climb has become possible, the back stress changes only slowly with temperature 
(figure 9), 


Figure 8 . Atomic force-displacement diagram 
for two different temperatures. 




Figure 9. Temperature dependence of the back 
stress in particle-strengthen^ alloys. 
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A consequence of the volume-sampling hypothesis is that high n and high Q are not 
necessarily coupled. Even at high temperatures, in ods alloys can be relatively large, 
giving a large effective n. The volume-sampling process reaches saturation above a 
particular temperature and the back stress then drops slowly with further increase of 71 
The apparent activation energy would then be small in spite of a large n value. Indeed, 
the results of Benjamin and Cairns (1971) on ods alloys show a modulus-compensated 
activation energy close to that for self-diffusion in spite of a high apparent stress 
exponent of 32-8 at T = ISSO^'C. At a lower temperature, a lower n value is obtained, but 
Q is still twice the activation energy for self-diffusion. Another consequence of volume¬ 
sampling is that there will be no influence of particle shape on the T-dependence of 
for a random distribution of obstacles, since the T-dependence arises primarily from the 
climb-controlled volume-sampling of weaker regions from the same random distri¬ 
bution of obstacles, and not from climb around individual particles. This observation is 
substantiated by the experiments of Shewfelt and Brown (1974). It would be of interest 
to perform a computer simulation of this volume-sampling glide process during the 
creep of particle-strengthened systems, in order to optimize the particle size and 
distribution for effective resistance to creep flow. 

5. Additivity of creep rates 

An unsolved problem in creep relates to the additivity of creep rates through various 
mechanisms. The expansion of (10) presupposes such additivity. All theoretical 
treatments to date have also made this assumption. However, the basic physical 
processes involved cast a doubt on the validity of this assumption. 

Consider for instance diffusion creep and grain boundary sliding. Diffusion creep 
elongates the grains; when added over all the grains, this leads to directional elongation. 
However, grain sliding events as in superplastic flow introduce new directions for 
diffusional creep, with the net result of eliminating diffusion creep on the average. 

Then again, dislocation creep pre-empts diffusion creep by consuming vacancies en 
route as they move from one grain boundary to the other. Dislocation creep also 
generates ledges on grain boundaries and hinders both diffusion creep and grain 
boundary sliding. On the other hand, diffusion creep tends to retard the onset of grain 
boundary sliding by generating nonequiaxed grains. It also retards dislocation creep by 
not allowing large stress concentrations to build up at the grain boundaries. Thus, each 
mechanism appears to possess an intrinsic inhibiting effect on the others, which may 
explain why one obtains well-delineated deformation mechanisms in creep experi¬ 
ments. The opposite can also happen in some cases. For example, dislocation glide and 
climb favour each other. Dislocation activity at the grain boundary zone can enhance 
grain boundary diffusivity and hence superplastic strain rates. Computer simulation of 
the deformation process should be of help in understanding these coupled processes. 

6. Summary 

Our discussion above may be summarized in the form of the following specific 
questions: 

(a) Will metallic glasses exhibit low damping of shock waves? (b) Can low temperature 
tensile and compressive tests be used to design alloys for good ballistic performance? 


5 
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(c) Will attractive precipitates prove inferior to repulsive precipitates in the context of 
tellistic resistance? (d) Can the Arrhenius term in the creep rate be rewritten as a 
combination of the bulk modulus, the atomic volume and the packing factor? (e) Is the 
Iback stress concept relevant, and is it correct to subtract internal stresses due to defects 
which move to cause strain? (f) Can a microstructure suitable for optimal creep 
resistance be designed using the concept of volume glide resistance? (g) Can the strain 
rates arising from different mechanisms be considered to be additive, even though some 
of them appear to be mutually inhibiting? 

Acknowledgements 

The author acknowledges many useful and inspiring discussions with Dr V S 
Arunachalam and Prof. K Srinivasa Raghavan during the course of this work. He is 
also grateful to Dr P Rama Rao for inspiring him to write this article. The curves in 
figure 9 are a result of discussions with Shri A K GoguL 

References 

Argon A S, Print F and MofTatt W C1981 in Creep and fracture of engineering materials and structures Proc 
Int. Conf., Swansea, U.K. 

Balakrishna Bhat T and Arunachalam V S 1980 J. Mat. ScL 15 1614 

Balakrishna Bhat T 1981 Effect of secorui phase on microstructural development and engineering properties 
Ph,D. Thesis, Indian Institute of Technology, Madras 
Balakrishna Bhat T 1983 Principles for protection Trans. I.I.M. (to be published) 

Benjamin J S and Cairns R L1971 in Modern developments in powder metallurgy (ed) H Hausner (New York: 
Plenum) 5 47 

Beyeler M 1969 Report GEAR 3715 

Bird J E, Mukherjee A K and Dom J E 1969 in Quantitative relations between properties and microstructure 
(eds) D G Brandon and A Rosen, (Jerusalem: Israel University Press) p 255 
Coble R L 1963 J. Appi Phys. 34 1679 

Evans H E and Knowles G1981 in Creep and fracture of engineering materials and structure Proa Int Conf. at 
Swansea, U.K, (eds) B Wilshire and D R Owen J. p 169 
Gilman J J 1979 J. App. Phys. 50 4059 

Kocks U F, Argon A S and Ashby M F1973 Thermodynamics and kinetics of slip (Illinois: Argonne National 
Laboratory) 

Malu M and Tien J K 1975 Scr. Met. 9 1117 

Nabairo F R N1948 Report of a Conference on the strength of solids 1963 The Physical Society, London 1. 

Pahutova M and Cadek 1973 J. Mater. Sci. Eng. 11 151 

Poirier J P 1978 Acta Metall. 26 629 

Shewfelt A S W and Brown L M 1974 Philos. Mag. 30 1125 

Stocker R L and Ashby M F 1973 Scr. Met. 7 115 

Discussion 

K A Padmanabhan: Your statement that dislocations could move as fast as the shock 
front does not appear to tally with the detailed analysis of J D Eshelby on dynamical 
effects on dislocations. Moreover, as in special relativity, the mass of a dislocation 
increases with its velocity. Incidentally, Dr Chidambaram’s observation that the density 
of dislocations at the shock wave front is 10“ cm^ also indicates that the total strain 
arises from a larger number of dislocations rather than a few moving at extremely high 
speeds. 
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N Kumar In his book, Frank describes what led him to the theory of the Frank-Read 
mechanism: the realization that the velocity of a dislocation could never exceed the 
velocity of sound. 

Bhat: When the width and amplitude of the incident impulse are large, shock waves 
travelling at speeds higher than the speed of sound develop. The strain gradients at the 
front have to be established in the short duration of the passage of the front, so that the 
strain rate becomes high. This strain rate can be achieved by either or both the terms in 
the classical equation a pbv + pbs where the symbols are as explained in the text. 
Clearly, movement of the dislocations is required, v being associated with p and s with (>. 
If quasistatic dislocations alone account for the shock front, the shocked stress state 
would acquire permanence in the material. When shock waves can travel faster than the 
speed of sound, dislocations too can do the same. Physically both share the same 
important characteristics—strains and strain gradients in their vicinity. 

S N Bandhopadhyay: The basic equations of plasticity like those for the velocity field, 
strain field, localized modes of deformation etc., do not appear to be taken care of 
properly in the finite element modelling of deformation. 

Bhat: I think that the finite element method specialises in taking care of localized 
modes of deformation without sacrificing the basic equations of plasticity. 

K A Padmanabhan: Did you measure the back stress in your experiment by either the 
stress reduction or stress relaxation method? Otherwise you are just introducing an 
adjustable variable. 

Bhat: The existence of the back stress has not been experimentally established, and it 
cannot be measured directly. It is felt only by the dislocation that is moving in a 
structure. Even though the back stress is an adjustable empirical variable it has a certain 
consistency associated with it. When we introduce this parameter in order to bring the 
stress exponents to normal values, the anomalous activation energies in such materials 
automatically come down to normal values for diffusion. This certainly suggests that 
back stress is a parameter that has some fundamental significance associated with it. 

V Balakrishnan: Regarding the computer simulation results on deformation, if you 
begin with empty spaces between grains, should you not expect further cavitation to 
occur? Or do you have hydrostatic stress, and the cavities just get filled in? 

Bhat: We apply hydrostatic or uniaxial compressive loading in order to simulate hot 
pressing conditions. 

V Balakrishnan: Within a single grain or element, what sort of compatibility 
conditions do you put in to ensure that no holes are formed? 

Bhat: Strain compatibility conditions are put in to ensure that any particular mode has 
a unique displacement. Regarding your observations on the additivity vs inter¬ 
dependency of various creep mechanisms, another interesting example is provided by 
grain boundary sliding and diffusion creep. Grain boundary sliding occurs via the climb 
as well as glide of dislocations at the boundary. Climb generates vacancies which can in 
turn lead to vacancy creep. 
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Abstract. Superplasticity is the phenomenon of extraordinary ductility exhibited by some 
alloys with extremely fine grain size, when deformed at elevated temperatures and in certain 
ranges of strain rate. To put the phenomenology on a proper basis, careful mechanical tests are 
necessary. These are divided into (i) primary creep tests, (ii) steady state deformation tests, and 
(iii) instability and fracture tests, all of which lead to identification of macroscopic parameters. 
At the same time, microstructural observations establish those characteristics that are pre- 
requisites for superplastic behaviour. Among the macroscopic characteristics to be explained 
by any theory is a proper form of the equation for the strain rate as a function of stress, grain 
size and temperature. It is commonly observed that the relationship between stress and strain 
rate at any temperature is a continuous one that has three distinct regions. The second region 
covers superpl^tic behaviour, and therefore receives maximum attention. Any satisfactory 
theory must also arrive at the dependence of the superplastic behaviour on the various 
microstructural characteristics. Theories presented so far for microstructural characteristics 
may be divided into two classes: (i) those that attempt to describe the macroscopic behaviour, 
and (ii) those that give atomic mechanisms for the processes leading to observable parameters. 
The former sometimes incorporate micromechanisms. The latter are broadly divided into 
those making use of dislocation creep, diffusional flow, grain boundary deformation and 
multimechanisms. The theoncs agree on the correct values of several parameters, but in 
matters that are of vital importance such as interphase grain boundary sliding or dislocation 
activity, there is violent disagreement The various models are outlined bringing out their 
merits and faults. Work that must be done in the future is indicated. 

Keywords. Superplastidty; ductility; stress and strain rate; grain boundary; dislocation 
creep; dilTusiond flow. 


1. Introduction 

Structural superplasticity is a high-homologous-temperature phenomenon exhibited 
by some metals and alloys which suffer extended or anomalous ductility under 
restricted circumstances. Elongations amounting to a few thousands per cent have been 
reported. When the conditions of deformation are changed, the same material does not 
possess the same ductility, and this has led to serious inquiries into the fundamental 
reasons for this behaviour. The technological off-shoot of this research, viz., the 
development of many commercial alloys as well as forming processes, has not lagged 
behind. The aim of this paper is to summarize the observations made on superplastic 
materials and to identify their characteristics, to list the most important mechanisms 
identified as responsible for this behaviour, and to outline the more important 
models/theories presented so far. For recent reviews, see Edington et al (1976), Gifkins 
(1982), Hazdedine and Newbury (1976) and Padmanabhan and Davies (1980). Some 
points of controversy, which needs to be eliminated, are indicated. 
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2. Observations 

The first systematic study on low-melting eutectics displaying superplasticity (Pearson 
1934) is by now familiar. Observations on superplastic materials may be divided 
broadly into two classes: (i) those involving macroscopic aspects, from mechanical 
deformation studies; and (ii) those involving microscopic aspects, from microstruc- 
tural observations. 

2.1 Macroscopic observations 

The variables are stress, strain, strain rate and temperature. However, a curve as shown 
in figure 1 is most common, showing the relationship between the flow stress a and the 
strain rate e. This relationship can be mathematically written as 

a = /4e"*, (1) 

where .4 is a constant and m is the strain rate sensitivity index (on a log-log plot, the 
slope of the curve). Three regions can be recognized which may conveniently be labelled 
I, II and III. Region II is the one of interest, where superplasticity is displayed. The peak 
values of m in this region coincide with maximum elongation, indicating a direct, if not 
linear, relation between them. In the superplastic region, m has values from 0*3 to 0-9. It 
may be mentioned here that all the three regions of figure 1 may not be found with a 
single experimental set-up. 

The steady state strain rate in region II may be expressed in the familiar form of a 
diffusion-controlled process according to 

i ^ {b/dy {a/GT Doexp (- Q/RT), (2) 

where G is the shear modulus, b is the magnitude of the Burgers vector, and d the grain 
size. Do and Q denote a pre-factor and activation energy, respectively, while p and n are 
indices to be determined. Alternative equations to describe the behaviour of e are also 
available in the literature. Their relative merits will be discussed in a later section. 

The (thermal) activation energy in (2) may be determined by three different methods 
(Langdon 1982): (i) changing the temperature very rapidly during a test on a single 
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specimen at constant stress; one finds 

Rln(BaGr^T2)(e,Gl-^T,) 

^ [(T^-rj/CTir^)] ’ 

where Ci and E 2 the strain rates before and after the increase in temperature, and Gi 
and Gj the values of the shear modulus at the respective temperatures, (ii, iii) data from 
different specimens tested to steady state flow yield either 


G,= 


-R 


/dlneG"-‘r\ 

V d{i/T) k; 


or, in another version, 

'ain(<r7G" 


3(l/r) 


(4) 

(5) 


We shall assume the equality of these two versions. Typical values of Q for the three 
regions suggest an activation energy for self-diffusion^ Qsd* region I, an activation 
energy for grain boundary diffusion in region ll, and an activation energy equal to or 
lower than in region III. 

The different activation energy values led to the belief that several mechanisms were 
operative. It must be noted here that m (= 1/n) varies with strain rate at different 
temperatures. The index m itself can be measured in several ways (Edington et al 1976). 
With the experimental values of n and Q, the grain size index p can be obtained by 
plotting e vs the grain size at constant stress and temperature. A p value between 2 and 3 ' 
is typical of a number of superplastic materials in region II. 


2.2 Metallographic observations 

The microstructural study of superplastic materials includes surface observation 
through optical microscopy, replica electron microscopy and scanning electron 
microscopy, and internal structure determination through transmission electron 
microscopy. On a few specimens, fracture and cavitation have also been studied. Of 
great importance is the relative contribution of grain boundary sliding to the total 
strain. Microstructural observations made on specimens undergoing superplastic 
deformation show that: (i) there is no massive recrystallisation, (ii) there is grain 
rotation (both ways), (iii) a new surface is created, (iv) texture is generally reduced: 
(a) texture weakens continuously with strain; (b) texture weakens to a steady distinct 
lower level; (c) texture generally weakens, while retaining some components. (In some 
cases, new texture is introduced), (v) there is little dislocation activity, (vi) there is 
deformation near grain boundaries, (vii) grain boundary sliding takes place, 
(viii) there is diffusional flow in region I. 

It is clear that any model proposed to explain superplastic behaviour must 
satisfactorily account for these observations. It must also lead to the proper constitutive 
equations to give the activation energy, strain rate sensitivity index and the grain size 
index. The general conclusions that may be drawn from the results of metallographic 
observations are listed in the next section. 
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3. Characteristics of superplastic materials 

From the various observations made, the following general conclusions may be drawn 
(Sherby and Ruano 1982): (i) The superplastic material must have a fine grain size 
(< 10 /xm), which must remain so, (ii) the presence of a second phase is necessary to 
inhibit grain growth, (iii) the mechanical strength of the second phase must generally 
be of the same order as that of the matrix, (iv) the second phase, if harder, should be 
finely distributed within the matrix, (v) the grain boundaries between the matrix grains 
should be of the high angle kind, (vi) the grain boundaries should be mobile so as to 
reduce stress concentration at triple points, (vii) the grains should be equiaxed in order 
to enable a grain boundary to experience a shear stress, allowing grain boimdary sliding 
to occur, (viii) the grain boundaries must resist tensile separation. 


4. The role of grains 

Noting that superplasticity is confined to materials with fine grains which remain fine¬ 
grained and equiaxed, one can conclude that the grain centres must move as if the 
material were deforming homogeneously (Hazzledine and Newbury 1976). Thus it is 
necessary that the grains slide past one another during deformation. Sherby and Ruano 
(1982) have considered two phenomenological equations 

a=10»^(<T/£)^ (6) 

when grain boundary diffusion is thought to be the rate-controlling step, and 

e = 108^(a/£)^ (7) 

when lattice diffusion is considered to be the rate-controlling step. Experimentally a 
plot of (sd^/bDQ^) vs {cr/E) gives the correct exponent, namely, 2. Grain boundary 
sliding is therefore conceded to be the dominant mechanism. 

Grain boundary sliding has been sought to be explained as brought about either by 
the motion of dislocations or by diffusion. In the dislocation model, crystal dislocations 
gliding to a grain boundary confine their subsequent motion to its vicinity. Special grain 
boundary dislocations whose Burgers vector is difierent and is related to a particular 
boundary may also move conservatively with the grain boundary. In this model, the 
strain-rate sensitivity m could be manipulated to be less than one, but then the grains 
would have to be elongated, which is not observed. On the other hand, the diffusion 
model considers the easy sliding of grains on smooth portions. If further sliding is 
opposed by irregularities, the rate of sliding is controlled by the movement or 
elimination of irregularities by diffusion. Such sliding could take place also at 
interphase boundaries. (These are classical notions and have been questioned by 
Padmanabhan and Davies 1980). However, since the strain rate is directly proportional 
to the applied stress, m will have a value of 1, which is at variance with experimental 
values. It would therefore appear that changes in the grain shape must also be taken 
into account. 
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4.1 Grain strain 

Since structural continuity must be preserved, the grains must undergo some strain. 
This can be thought of in two different ways. Vacancy diffusion in the bulk can result in 
a change of shape, when the path of diffusion is fiilly across the grain. This Herring- 
Nabarro creep is given by the expression 

8^{20D^,,n)lik,Td^% ( 8 ) 

where Q is the atomic volume. When the diffusion path is confined to the grain 
boundary region, one has Coble creep, given by 

B = 50D^^SlS/{k,Td^). (9) 

Here 5 is the width of the diffusion path. It may be noted that in both the above 
expressions, m = 1. 

On the other hand, matter can be moved by conservative and non-conservative 
motion of dislocations. Nabarro (1967) has given two expressions, the first being a 
power dependence 6 oc er ^; the second for pipe-diffusion along the cores of dislocations, 
leads to s oc It may be mentioned that the grain size does not figure in these 
expressions. Friedel creep envisages a pile-up of dislocations against a grain boundary, 
from which the leading dislocation climbs into the grain boundary. The process is 
controlled by the climb rate of dislocations. This has been utilized to yield a relation 
s oc (7^. However, it is clear that grain elongation is unavoidable, and that as the grains 
elongate, the process must be exhausted. There is nothing in this picture to indicate the 
rotation of the grains. Moreover, no dislocation pile-ups have been observed in 
superplastic alloys. 

4.2 Interaction between grain strain and grain boundary sliding 

It is commonly believed that neither of the above can take place without the other, as 
they must together produce strain rates compatible with one another. The amount of 
strain produced by grain sliding is usually measured by surface markers, even though 
there is considerable controversy about the measurement. However experimentally the 
value (fioBs/fitot) varies between wide limits. It may be pointed out here that such 
measurements have been made at a strain of about 0*2, which is not typical of 
superplastic deformation. Stevens (1971) puts an upper limit of 0-62* to this ratio. 
Hazzledine and Newbury (1976) point out that at any instant the strain rate due to 
sliding is of the same order as the rate of strain of the grain. 

Nevertheless, the idea has persisted that the strain due to grain boundary sliding 
must necessarily be less than the total strain. Consequently, an overwhelming majority 
of the mechanisms suggested invoke some process or the other to accommodate grain 
boundary sliding. It is against this background that difierent mechanisms are outlined 
in the next section. It is instructive to reproduce the figure from Edward and Ashby 
(1979) illustrating the different accommodation processes (figure 2). 


5. Atomic mechanisms for superplasticity 

It has been pointed out earlier that mechanisms employing diffusion creep or slip are 
unable to account for many of the observations satisfactorily, in particular for the large 
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STRESS 



Figure 2. Consequences of grain boundary sliding (After Edward and Ashby 1974). 


amount of grain boundary sliding. In this section, some more mechanisms will be listed 
where grain boundary sliding (gbs) is considered along with some accommodating 
processes. 

5.1 GBS accommodated by dislocation motion 

Ball and Hutchison (1968) put forward the idea that several groups of grains slide at 
once. When there is an unfavourably oriented grain, a stress concentration results 
which can be relieved by dislocation motion. The dislocations, which are necessarily in a 
pile-up, prevent further sliding until the lead dislocation climbs. Mukherjee-(1971) 
contended that the grains move individually. Again a pile-up is invoked because 
dislocations are produced by irregularities in the grain boundaries. This itself is a major 
difficulty since, as mentioned earlier, no pile-ups have been seen. Moreover, the same 
dislocation motion will be rate controlling in region III too, and it would be impossible 
to distinguish between the two. 

5.2 GBS and diffusion creep 

Ashby and Verral (1973) proposed a grain switching event as central to their model. A 
group of four grains reacts to a tensile stress, sliding past each other and changing their 
shape to maintain continuity. These switching events occur randomly throughout the 
specimen with various clusters in different stages of the process. The accommodation 
strain is accounted for by bulk and boundary diffusion. While the model, which 
considers the topological aspects of the sliding process, satisfactorily explains most of 
the observations, there are large variations in the predicted values of parameters. 

Hazzledine and Newbury (1976) have used the concept of grain emergence: as a 
group of adjacent grains slide, a grain from the layer below emerges at a location where 
a fissure would otherwise open up. Grain boundary migration occurs at the same time 
to restore the dihedral angles, resulting in the rounding off of the emergent grain and 
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the curvature of all other grain boundaries. Having conceded that the phenomenon is 
too complicated for analysis, Hazzledine and Newbury proceed to give a viscoelastic 
model of superplasticity with several dashpot elements representing Nabarro, Coble 
and Friedel creep, as well as grain boundary and interphase sliding. The general 
conclusion is that a single comprehensive mechanism is not possible. 

5.3 GBS and core-mantle theory 

Gifkins (1976) proposed for each grain a non-deforming core surrounded by a mantle 
in which flow occurs. While the core contains statistically stored dislocations, the 
mantle, which is a few per cent of the grain diameter, contains geometrically necessary 
dislocations. The grain boundary dislocations piled-up against a triple edge are 
responsible by their movement for grain boundary sliding. The stress concentration of 
the pile-up is regarded as that of a freely slipping crack. By climb and glide the lead 
dislocations accommodate grain boundary sliding. Gifkins arrived at an appropriate 
equation to account for the observed parameters. Since the widths of the core and 
mantle are adjustable parameters, the experimental verification has been criticised as 
“an exercise in curve fitting”. Further, no single mechanism has been identified as 
responsible for superplaslicity. 

Ariel! and Mukherjee (1980) have also criticised this model on the ground that the 
deformation will slow down in time and eventually come to a stop, since many 
dislocations wfll be lost by annihilation. Also the stress concentration has been 
calculated by the Eshelby, Frank and Nabarro method, which does not apply to climb 
or any other deformation process. 

Arieli and Mukherjee themselves employed a modified mantle behaviour. The small 
number of pre-existing dislocations are attracted to the boundary under the action of 
the applied stress and their own line-tension. The individual dislocations climb the 
short distance to the boundary and, in the process, create new dislocations by the 
Bardeen-Herring mechanism. At the boundary, the dislocations are annihilated. The 
eventual stress concentration created by the dislocations climbing into the boundary 
are relaxed by grain boundary diffusion. It may be noted here that there has been no 
experimental evidence for the Bardeen-Herring mechanism. 

t 

5.4 Micromultiplicity 

As the grain boundary network has alternate sets of shear paths, the deformation 
continues even if grain boundary sliding is obstructed locally. In other words, the local 
stress conditions would alternatively enhance or decrease the importance of the 
obstacles. A number of processes, mentioned above, could be appropriately combined 
to give the total strain rate. It is obvious that this is also merely a curve-fitting exercise 
since the arbitrary constants of the constitutive equations can be adjusted 
appropriately. 

5.5 Unaccommodated gbs 

There has been considerable controversy as to whether grain boundary sliding is 
independent of dififusional strain. The work of Raj and Ashby (1972), Speight (1975) 
and Beere (1976) has shown that specimen strain can only develop when both sliding 
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and diffuse n can operate simultaneously. Therefore the deformation can be attributed 
to either sliding or diffusion, and can be described as diffusion-accommodated sliding 
or sliding-accommodated diffusion; in no sense can they contribute independently 
(Burton 1977). 

Accordingly, Padmanabhan (1977) regards the upper limit of 60-65 % placed on the 
contribution from sliding to be a consequence of the assumption that both diffusion 
and sliding are present as separate steps. It is also held that the ideas concerning sliding 
in coarse-grained materials were not necessarily relevant to sliding in ultrafme-grained 
alloys, and that superplastic deformation is a result of pure grain boundary sliding of 
non-deformation grains that require no accommodation. Starting from the fundamen- 
tal rate equation one arrives at a constitute equation 

e = c4ff"exp(-eo/m (10) 

a 

where C is a constant and <5 is the jump distance in the grain boundary region. The stress 
exponent n may be recognized as the inverse of the strain-rate sensitivity index, w, and is 
shown to be a function of stress, grain size and temperature. Excellent agreement with 
experimental results is achieved, as is a demonstration of the transition to the region III 
in which climb-controlled motion of dislocations occurs. 


6. The activation energy for superplasticity 

The activation energy Q has been introduced in (2). It was mentioned there that 
different values are obtained for Q in the three regions of figure 1. This is done by 
treating the sigmoidal curve as a combination of three linear curves. The assumption of 
the equality oiQ„ and ((4) and (5)) has also been mentioned. Padmanabhan (1981) 
has objected to the procedure on the grounds that (2) is empirical, that for each range a 
constant but different n value is assumed, and that within each range the activation 
energy is assumed to be independent of the temperature and the stress level of its 
evaluation. He has pointed out that the evaluation of the activation energy from an 
equation that has no physical basis is bound to lead to erroneous results, and that since 
n is continuously variable, there is no justification for treating this as a constant. At the 
junctions of region II with regions I and III the n value becomes ambiguous. 
Topologically and microstructurally regions I and n are not different. Only region III 
indicates a change of mechanism. Another serious objection is the treatment of an 
expression containing a T-dependcnt pre-factor as a true Arrhenius form. 
Padmanabhan (1981) has derived expressions for and (the values corresponding 
to the shear mode) and has pointed out that the best estimates of the real activation 
energy are only attained when data pertaining to the range in which m is large ('^ 1) are 
used. It is regrettable that many of the leading workers in the field have not recognized 
the force of these arguments. 


7. The role of dislocations in saperplasticity 

Even though many of the models invoke dislocations to explain superplasticity, there 
has been no direct experimental evidence to support dislocation activity. However, 
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Edington et al (1976) have argued, taking Nicholson’s (1972) experiments as an 
example, that dislocations might have been active or that they might have been 
obstructed by precipitates. Padmanabhan (1980) has argued that this was unlikely. He 
has further held that any dislocation seen was the residue of the initial configuration or 
the existence of local stress concentrations or a favourable strain rate at which 
dislocation motion commences. In situ experiments have also failed to reveal 
substantial quantities of dislocation. 

Melton and Edington (1973) have maintained that since (i) statistically significant 
differences in the angular distance of the dislocations from their nearest possible glide 
planes were found as a function of the deformation rate; (ii) the Burgers vector 
distribution changed as a function of strain rate; (iii) increasing the initial density by 
cold working prior to superplastic deformation did not produce any detectable 
differences in the Burgers vectors and densities after superplastic deformation; 

(iv) there is an equilibrium dislocation density typical of superplastic flow and 

(v) dislocations are also observed at strain rates an order of magnitude less than that 
conesponding to one must conclude that crystallographic slip plays a small but 
significant role in superplasticity. Padmanabhan (1980) has countered these arguments 
by citing experimental results accepted by Melton and Edington themselves. It 
therefore appears that the available experimental evidence could support either point of 
view. Liicke (1974) has pointed out that any sequence of deformation processes leading 
to a given strain tensor will give the same texture. Hence the operating mechanisms 
cannot be deduced solely from texture results, tem has provided no evidence for 
dislocation activity. 

8. Future work 

To set at rest the controversy regarding the mechanism of superplasticity, work is 
required along the lines indicated below: (i) a better understanding of the structure of 
grain boundaries and interphase boundaries, (ii) a correct analytical form for the flow 
stress as a function of strain rate, temperature and grain size, (iii) unequivocal 
experimental evidence to support or discount dislocation activity, (iv) an understand¬ 
ing of the role of the stacking fault energy, (v) an unambiguous interpretation of 
experimental curves such as the double sigmoidal plot of figure 1. 

It is to be hoped that there will be a happier conclusion to superplasticity than in the 
case of work hardening, in which field the workers have apparently agreed not to agree. 
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Grain boundary-dislocation interactions"' 

S RANGANATHAN 
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Abstract. Our current understanding of the structure of grain boundaries will be described 
first. The structure of low angle boundaries can be rigorously described in terms of arrays of 
dislocations. The structure of high angle boundaries continues to defy a complete and rigorous 
description. A model has been developed based on coincidence site lattices. This model 
postulates the presence of grain boundary dislocations even at high angles of misorientation to 
accommodate the deviation from exact coincidence conditions. The Burgers vectors of such 
grain boundao^ dislocations can be found by the translation vectors of the dsc lattice. An 
interesting point is that the Burgers vectors are not lattice translations. Hence the dislocations 
are confined to the surface of the boundary and cannot move into the grain. Alternative 
descriptions of the structure of grain boundaries make appeal to the Bernal type of polyhedral 
voids that occur in metallic glasses. A brief discussion of the strength of this approach will be 
outlined. Dislocations at grain boundaries can affect both grain boundary migration and 
sliding. The possible mechanisms for these phenomena will be described. The importance of 
understanding these mechanisms to explain deformation of metals at high temperatures will be 
stressed. 


Discussion 

M YoussufF: Is it possible to include vacancies in the approach you have described? 

S Ranganathan: This* is an important question; the answer is not known. 

P Rodriguez: How do you explain migration with the help of imprisoned grain 
boundary dislocations? 

Ranganathan: It is easy to explain this migration in a framework similar to Aronson’s 
theory of the growth of precipitates. For example, in cases where the ledge mechanism 
operates, the ledges move along the plane in which the precipitate is growing. 

Rodriguez: If we provide energy in the form of stress, is it possible that the smaller 
grain boundary dislocations combine to form larger mobile lattice dislocations? 

Ranganathan: It should be possible, but no clear evidence is available. 

S Ray: Can only certain lattice vectors be split into dsc vectors? 

Ranganathan: Any lattice vector can be broken into dsc vectors, since the dsc lattice 
consists of both the lattice positions. 

Ray: Are ledges inherited from the energetics of gro wth? Are these a common feature? 

Ranganathan: They need not be inherited from the growth. Yes, they are a reasonably 
common feature. 

* Only a summary is presented 
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S Ramaseshan: Why is a polycrystalline material stronger than a real single crystal? 

Ranganathan: In a polycrystalline material, the dislocations are stopped at the grain 
boundaries, thereby impeding their movement. 

Ramaseshan: In the Bernal picture, could a polycrystalline material be considered as a 
composite of grains and grain boundaries? 

Ranganathan: One could think of the polycrystalline material as a two phase 
material—the grain boundaries and the grains. The idea, though found in the literature, 
has no validity. We have to consider the boundary as a whole. 

T V Ramakrishnan: Is there any evidence for the existence of dislocations and their 
movement? 

Ranganathan: We can actually see dislocations by etch, pit techniques, field-ion 
microscopy, electron microscopy, etc.! There is no doubt about the movement of the 
boundary of a bicrystal when it is loaded in the form of a cantilever. 

G Srinivasan: Should not the energetics contain all sorts of things, including 
contributions from the electrons? 

Ranganathan: I am tempted to agree with this since all existing theories seem to be 
succeeding only up to a point. There seems to be something basic that is missing. 

Srinivasan: Could the unique microscopic properties shown by a metallic glass (e.g., 
the electronic properties and ductility) be translated to a microscopic description of 
grain boundary sliding? 

Ranganathan: One would indeed like to do that. However we are rather ignorant 
about both these areas and hence not much progress has been made. 

Srinivasan: Is this analogy being used only with reference to structure? 

Ranganathan: Right now, for the structure and the geometry. 

K R Rao: As the dislocation structure can change owing to a variety of factors, it 
appears that the structure of the specimen is really transient—^how does one ensure 
reproducible conditions in this sense? 

Ranganathan: The underlying structures are not as transient as appears at first sight, 
but careful investigation of this point is certainly in order. 

A P Pathak: Is there a study of the variation of the strength with respect to the 
orientation of the boundaries? 

Ranganathan: I think this has been done for bicrystals, but not for polycrystals. 
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Instabilities in first order phase transitions* 
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Abstract. Majority of the metallurgical phase transformations are first-order transitions 
which occur by the nucleation and growth process near equilibrium conditions. In recent years, 
homogeneous transformation has been reported in some of these cases at conditions 
significantly away from those of equilibriunL In this paper some of these transformations will 
be discuss^. In the first part of the presentation the thermodynamic and the mechanistic 
distinctions between first and higher order phase transformations will be discussed and a 
comparison made between homogeneous and heterogeneous modes of phase transformations 
and those of deformation. Based on Landau’s free energy vs generalised order parameter plots, 
an instability temperature is defined for first order phase transformations l^low which the 
transformation can occur by a continuous amplification of a concentration or a strain 
fluctuation. In the second part experimental evidence in support of the continuous mode of 
transformations in two ordering reactions are presented. These are; (i) a transition from the 
short range to the long range chemical order in Ni 4 Mo (Dla structure) and (ii) a hybrid 
displacive-replacive ordering in Zr 2 Al (B 82 structure). In order to make the continuous mode 
operative in these first order transformations (which is possible at a high “supercooling”), 
radiation in the former and rapid quenching in the latter were employed. In the last part, the 
martensitic transformation and the shape memory effect is described in terms of landau’s 
plots and the mechanical and thermodynamical consequences of the model are discussed. 


Discussion 

M Youssuff: What is the criterion by which we can distinguish whether the 
development of long-range order is by nucleation and growth or by a continuous 
mechanism? 

S Banerjee: The only criterion is whether we are below Tq or not. Also, not all ordering 
can be described in terms of compositional modulations. 

V K Wadhawan: What is order parameter in Ni^Mo? 

Banerjee: The population density of Mo atoms on a given lattice site. 

V C Sahni: Is there any example where there is a formation volume and the 
transformation is homogeneous? 

Banerjee: It is possible that the volume change is very small like in Ni 4 Mo. 

Sahni: How is the expansion of free energy in terms of the order parameter justified in a 
first order phase transition (since the opm is discontinuous)? 

Banerjee: It cannot be justified. 


Only a summary is presented. 
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Deformation and martensitic transformation 

V SEETHARAMAN 
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Abstract. The influence of applied stresses and imposed plastic deformation on the 
martensitic transformation of a parent phase is described. Changes in mechanical properties 
such as flow stress, work hardening rate, fracture toughness, etc brought about by strain- 
induced martensitic transformation are briefly examined. In the absence of appreciable 
dislocation glide, atomic displacements associated with glissile boundaries are highly ordered 
and reversible modes of (plastic or nonlinear pseudoelastic) deformation. Such processes lead 
to largestrains and are encountered in deformation twinning, martensitic transformations and 
in the reorientation of martensite units. The reversibility leads to phenomena such as elastic 
twinning, thermoelastic martensites, superelasticity, shape memory and two-way shape 
memory effects, and rubber-like behaviour. These are discussed using a unified approach based 
on thermoelastic equilibrium. The shape memory effect suggests several potential applications 
of the martensitic transformations in non-ferrous alloys in which the effect is most commonly 
observed. Recent developments in this area are reviewed with special reference to the 
prerequisites for the effect and the influence of metallurgical processing on the extent of shape 
recovery. 

Keywords. Plastic deformation; pseudoelasticity; shape memory effect; martensitic 
transformation. 


1. Introduction 

A martensitic transformation is a first-order solid-state structural transformation that 
is diffusionless, involves relative atomic motion by amounts smaller than the 
interatomic spacing, and exhibits a lattice correspondence between the parent and 
product structures. The transformation is generally adiabatic, athermal and exhibits 
hysteresis. It proceeds by a shear mechanism, and the net macroscopic distortion of the 
crystal can be regarded as an invariant plane strain. This implies that the interface 
between the parent phase and the growing martensite crystal is a plane of zero average 
macroscopic distortion. This feature has been verified in several experiments on the 
surface relief effect produced by the transformation. According to the phenomenolo¬ 
gical theories proposed by Wechsler et al (1953) and by Bowles and Mackenzie (1954) 
it is possible to consider the invariant plane strain as a superposition of the following 
components: a lattice strain (Bain strain), a lattice-invariant shear, a rotation and a 
dilation. The lattice-invariant shear required can manifest itself as slip, twinning or 
faulting of the martensite units. Besides, the different variants of martensite units 
formed from a parent phase crystal are generally arranged as three dimensional self- 
accommodating groups such that the total macroscopic strains are minimised. 

Martensitic transformations can be induced by the application of external stress or 
by lowering the temperature. The former possibility arises because the free enthalpies 
of the parent phase and the martensite, and their equilibria, depend not only on the 
temperature and the composition but also on the stress; moreover, the nucleation and 
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growth processes are associated with shear strains and these couple to the internally or 
externally applied stresses. This paper deals with the relationship between martensitic 
transformations and deformation (both recoverable and nonrecoverable). We first 
consider the thermodynamic and kinetic aspects of stress-assisted and strain-induced 
martensitic transformations. This is followed by an account of an experimental study of 
the influence of plastic deformation at cryogenic temperatures on the martensitic 
transformation in an austenitic stainless steel. Next, we deal with the phenomenon of 
transformation-induced plasticity and its applications. Finally, a series of related 
phenomena including thermoelasticity, pseudoelasticity and the shape memory effect 
are discussed from a unified point of view based on the reversibility of the deformation 
caused by the migration of glissile interfaces. 


2. Stress-assisted and strain-induced martensitic transformations 

The driving force for the spontaneous martensitic transformation is the difference AG^ 
in the chemical free energy between the parent and the martensite phases. It is known 
that the transformation does not set in at the equilibrium temperature Tq (AG^(T = Tq) 
= 0). Instead, it requires substantial undercooling, and commences at a temperature 
Ms <Tq. If the parent phase is stressed at a temperature /'(Tq >T> MJ, a mechanical 
driving force, U, is added to the chemical driving force; stress-assisted martensitic 
transformation occurs at T if 

|AG‘(J)| + t/>|AG'(M,)|. (1) 

1/ is a function of the stress and the orientation of the martensite crystal with respect to 
the parent phase. Patel and Cohen (1953) have shown that 

U = zyo + o-So, (2) 

where t is the shear stress resolved along the transformation shear direction on the 
habit plane, yg is the transformation shear strain, a is the dilatational stress resolved 
normal to the habit plane, and eg is the normal component of the transformation strain. 
If a single crystal of the parent phase is stressed according to the geometry shown in 



Figure 1. Geometry of stressing in a single crystal. P is the 
habit plane having N as its normal. S is the shear direction and 
S„ is the maximum shear direction of the applied stress on the 
habit plane. (The other symbols are explained in the text). 



Martensitic transformation 


705 


figure 1, T and a can be expressed for any given orientation of the martensite plate as 
T = 0-5 sin 20 cos a | 

<T= ±0-5 <7^(1+cos 20) J 

where is the absolute value of the applied stress, 6 is the angle between the axis of the 
applied stress and the normal to the habit plane, and a is the angle between the shear 
direction of the transformation and the maximum shear direction of the applied stress 
on the habit plane (the sign of g specifies whether the stress is tensile or compressive). If 
the chemical driving force (AG*^) decreases linearly with an increase in temperature 
above it is logical to expect that the critical applied stress for martensite formation 
should increase linearly with temperature. In practice, it is observed that the critical 
stress shows a linear dependence only between M, and MJ (figure 2). Beyond the 
stress required would exceed the flow stress of the parent phase and thus cause plastic 
deformation of this phase. Olson and Cohen (1972) have postulated that in the 
temperature range < T < the nucleation of martensite is aided by the large 
number of defects caused by the plastic deformation, and hence the transformation is 
considered to be strain-induced (M^ is the highest temperature at which the 
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Figure 2. Variation of the critical stress required for the onset of the transformation at 
different temperatures. (The regimes of stress-assisted and strain induced transformation are 
indicated.) 
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transformation can be induced; Af^ < Tq). There is thus a fundamental difference 
between stress-assisted and strain induced transformations. 

The volume fraction / of the martensite formed at any given level of plastic strain Bp is 
given by (Olson and Cohen 1975; Murr et al 1982) 

/= 1 - exp { - ^[1 - exp (- a£p)]"} (4) 

where a, j8 and n are temperature dependent parameters. Recently, Tamura (1982) has 
suggested that the transformation kinetics should be based on the stress rather than the 
strain, and has proposed a different expression for / that depends on Vo and Cq. The 
role of plastic deformation in the strain-induced nucleation of martensite has been a 
subject of controversy. Olson and Cohen (1972, 1976) firmly believe that the 
intersection of slip bands produced as a result of plastic deformation acts as a 
nucleation site for martensite. In contrast, Suzuki et al (1977) and Onodera and Tamura 
(1979) have expressed the view that the local stress concentration near the grain 
boundaries due to the pile-up of dislocations would raise the applied stress to values 
obtained by the extrapolation of the straight line in figure 2 well beyond . 


3. Strain-induced martensitic transformation in a type 316 austenitic stainless steel 

Type 316 austenitic stainless steel does not transform to martensite spontaneously even 
when it is cooled down to 77 K. In contrast, plastic deformation at low temperatures 
leads to the formation of two different typq^ of martensites; b martensite with an hep 
structure and a martensite with a bcc structure. Figure 3 illustrates the variations in the 
volume fractions of these phases with plastic strain at 77 K. The main conclusions that 
can be drawn from this plot are: (i) With increasing plastic strain, the amount of e phase 
present increases to a maximum and then decreases gradually, (ii) Detectable amounts 
of the a phase are formed only beyond a certain minimum value of the plastic strain, 
beyond which its volume fraction increases continuously with the plastic strain. These 
results imply that the a martensite forms at the expense of the e martensite. 

Plastic deformation of the austenite (y) at temperatures below 220 K leads to the 
progressive formation of wide stacking faults, clusters of overlapping stacking faults, 
and finally, thin sheets the e martensite. Transmission electron microscopy of the 
deformed samples reveals a large number of shear bands on {111}^ planes. These bands 



Figure 3. Variation of the volume fraction of the e and a martensites in a type 316 stainless 
steel as a function of the true strain at 77 K. The results of Mangonon and Thomas (1970) in a 
type 304 stainless steel are shown for comparison. 
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Figure 4. Transmission electron micrographs of type 316 stainless steel deformed at 77IC up 
to 5 % strain, (a) wide stacking faults forming on the {111 }y planes, (b) dark field micrograph 
showing one of the variants of the deformation bands. 


consist of overlapping faults, deformation twins and the e martensite, the relative 
proportions of which vary with the temperature, strain rate and the extent of 
deformation. Typical examples of the microstructure obtained after tensile deforma¬ 
tion at 77 K up to 5 % strain are shown in figure 4. When the austenite is subjected to 
strains larger than 15 % at 77 K, tiny crystals of a are observed at the intersections of 
two different variants of the shear bands. On continuing the deformation, the a nuclei 
grow along the cylinderical axes of the rod-shaped volumes comprising the intersec¬ 
tions of these bands. The above experimental evidence obtained by x-ray diffraction 
and electron microscopy techniques proves conclusively that the e martensite forms as 
an intermediate phase in the y -► a transformation, the sequence being representable as 
y a (Seetharaman 1976; Seetharaman and Krishnan 1981). 
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4. Transformation-induced plasticity (trip) 

As already mentioned, martensitic transformation can be considered as a mode of 
plastic deformation of the parent phase that competes with other modes such as slip 
and twinning. Therefore, if martensite forms dynamically during the mechanical testing 
of any alloy, the mechanical properties of the alloy would inevitably be altered 
considerably. Figure 5 shows the stress-strain curves of the Fe-29 Ni-0-26 C austenitic 
alloy deformed in tension at different temperatures (Tamura et al 1970a). The values of 
Mg and for this alloy are 213 K and 298 K, respectively. The large serrations 
observed in the curves at 223 K and 203 K are due to the formation of stress-assisted 
martensite. On the other hand, the curves corresponding to 243 K or 263 K exhibit very 
fine serrations and also substantial tensile elongation: the samples corresponding to 
these curves show evidence of the presence of strain-induced martensite. Such an 
enhancement in the ductility of an alloy owing to the onset of strain-induced 
martensitic transformation is known as ‘transformation-induced plasticity (trip). 

The tensile properties of three different austenitic steels in the temperature range 
M^ <T< Ma are shown in figure 6 (Tamura et al 1970b). The inverse temperature 
dependence of the 0-2 % proof stress observed between MJ and (figure 6a) is due to 
the transformation strain caused by the stress-assisted martensite formed before the 
yielding of the parent austenite phase. The total elongation exhibits a maximum at 
temperatures just above Aff. Such an enhancement in elongation has been attributed to 
the suppression of the necking phenomenon. This, in turn, is due to the increase in the 
work-hardening rate caused by the strain-induced martensitic transformation. Similar 
increases in the work-hardening rates have also been encountered in austenitic stainless 
steels (Angel 1954; Ludwigson and Berger 1969; Seetharaman 1976). The hardness of 
the martensite increases with increase in the carbon content of the steel. It follows that, 
for a given volume fraction of martensite, the increase in the work-hardening rates will 
be high for high carbon steels. Thus the trip phenomenon will be dominant in 
austenitic steels containing high levels of carbon. 

Although ductility can be enhanced markedly by trip, strengthening must be 
achieved by other methods. Zackay et al (1967) developed an ultra-high-strength steel 
called trip steel in which the ductility is enhanced by the trip of the retained austenite 



Figure 5. Stress strain curves of Fe-29Ni-026C austenitic alloy deformed in tension at 
different temperatures. 
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Figure 6. Effect of test temperature on 
tensile properties in three different types of 
metastable austenitic steels (a) Fe-29Ni- 
0-26C, (b) Fe-19-Cr.llNi, (c) Fe-24Mn- 

026C. 


while the strength is increased by the ausformed martensite, trip steels exhibit good 
properties at low temperatures because of the retained austenite, and are therefore 
suitable structural materials for chemical plants, containers for liquified gases, armour 
plates and earthquake dampers. Furthermore, the trip phenomenon is very effective in 
improving the formability, particularly the deep drawability, of austenitic stainless 
steels (Divers 1964). 

5. Thermoelasticity, pseudoelasticity and shape memory effect 

The thermodynamics of the growth of the martensite plate can be represented by the 
following energy balance: 

^ Tq^o + O'o^o “t""I" (^) 

where Tq is the intrinsic shear resistance of the parent phase against the shear strain 70 » 
tTo is the intrinsic tensile resistance of the parent phase against Bq, is the specific 
surface energy of the parent-martensite interface, A is the shape factor of the 
martensite, and is a dissipation factor. Let us exclude the trivial case of the stoppage of a 
growing plate by a grain boundary or some equivalent obstacle. Then an equality in (5) 
implies that any small change in the thermal or mechanical components of the driving 
force will cause growth or shrinkage of the martensite plate. This equilibrium condition 
forms the basis of the thermoelastic martensitic transformation, A thermoelastic 
martensite forms and grows continuously as the temperature is lowered, and shrinks 
and vanishes as the temperature is raised. Figure 7(a) gives a schematic representation 
of this transformation indicating the increase in the internal stress Ci and the volume 
fraction /of the martensite, these being measures of the progress of the transformation. 
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Figure 7. Schematic representation of 
(a) thermoelasticity (b) pseudoelasticity 
(c) shape memory effect and (d) two-way 
shape memory effect. 


There is no sudden appearance or disappearance of large groups of martensite plates 
(the burst phenomenon). 

Pseudoelastic behaviour (figure 7b) is a complete mechanical analogue of the 
thermoelastic transformation. In this case, the transformation proceeds continuously 
with increased applied stress. The ‘plastic’ strain is caused by the shape strain 
accompanying the formation of martensite. Recovery of the shape strain therefore 
occurs when the transformation is reversed. This type of pseudoelastic behaviour is 
obtained when the material is stressed at temperatures higher than the fiinish 
temperature Aj for the reverse transformation. Pseudoelasticity can also occur by the 
reorientation of the existing martensite variants (Krishnan et al 1974). Other terms such 
as superelasticity, ferroelasticity, rubber-like behaviour etc. have sometimes been used 
to describe pseudoelastic behaviour. 

The shape memory effect arises if a macroscopic deformation is accompanied, as 
before, by a martensitic transformation which is not reversed on removal of the applied 
stress; in a second step the reverse transformation and a concomitant reversal of the 
macroscopic deformation are induced by heating. Figure 7(c) shows this behaviour 
schematically. The upper half represents the response of the specimen to the isothermal 
variation of the applied stress, while the lower half pertains to the effect of subsequent 
heating. The idealised curves shown in figure 7(a-c) suggest close interrelations between 
these processes. If the stress hysteresis in a pseudoelastic transformation is so large that 
the reverse transformation is incomplete at = 0, then the residual martensite can be 
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reverted by heating, i.e., by employing the shape memory effect. This clearly 
demonstrates the interchangeability of stress and temperature as state variables. 

A two-way shape memory effect occurs when the specimen deforms spontaneously 
during the cooling half-cycle and recovers during the heating half-cycle (figure 7d). An 
alloy which exhibits the one-way or normal shape memory effect can often be converted 
into a reversible memory alloy by “training” with a few cycles of the one-way type, or 
(more effectively), a few pseudoelastic cycles above M, (Christian 1982). The maximum 
strains of the reversible effect are normally much smaller than those of the simple shape 
memory effect for a given alloy. 


6. Common characteristics of materials exhibiting the memory effect 

On the basis of extensive investigations conducted on Au-Cd, In-Tl, Ni-Ti, Cu-Zn, 
Fe-Pt and Cu-Al-Ni alloys, Wayman and Shimizu (1972) have concluded that the 
following conditions are necessary for an alloy to exhibit the shape memory effect: 
(i) The martensitic transformation should be a thermoelastic one; (ii) the parent phase 
and the martensite should be ordered; (iii) the lattice-invariant shear must occur by 
twinning rather than by slip. 

While the first two conditions hold good for all the alloys investigated so far, the last 
condition, namely, the internal twinning of martensite does not appear to be very 
general. In fact, there is ample evidence in the literature to show that martensites in 
silver- and copper-based ordered alloys contain extensive and periodic faulting in the 
stacking sequence of the close packed planes, and these alloys do exhibit the shape 
memory effect to a significant extent. 

6.1 Thermoelastic martensites 

A thermoelastic martensite is generally characterised by (i) a small driving force, (ii) a 
small shear component of the shape strain, (iii) a small volume change, and (iv) a matrix 
with a high elastic limit (Dunne and Wayman 1973; Tong and Wayman 1975). It is clear 
that a thermoelastic martensitoijrystal must have a perfectly coherent interface with the 
surrounding matrix and that the coherence must be maintained during the whole 
process of growth or shrinkage. This is possible only if the volume change associated 
with the transformation is small. Furthermore, the small value of the thermal hysteresis 
is a direct consequence of the smallness of the driving force. 

6.2 Effect of ordering 

It is found that some degree of ordering (usually, long range ordering) is present in all 
parent phases which are known to transform thermoelastically. As a case in point, the 
ordered FesPt alloy undergoes a thermoelastic martensitic transformation and also 
exhibits the shape memoiy effect, while disordered specimens of the same composition 
display neither. 

According to the phenomenological theory of martensitic transforriiation (Wayman 
1964), the habit plane is a plane of zero average distortion. However, localised 
distortions still persist at the interface though they are macroscopically arranged out by 
the lattice-invariant shear. This fine-scale distortion is not expected to exceed the elastic 
limit of the matrix in ordered alloys (because of the order-hardening effects), but in 
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Figure 8. (a) Schematic stress-strain curves 
for the disordered and ordered states of the 
parent phase, (b) Matrix yield stress contours 
around an oblate spheroidal plate of an Fe-Pt 
alloy. The plate is in the x-y plane and the 
contours are drawn for varying values of the 
long range order parameter, S and the aspect 
ratio, cjr. 



disordered alloys the elastic limit is evidently exceeded and the interface eventually 
becomes incoherent. This is explained with the help of the hypothetical stress-strain 
curves shown in figure 8(a). Ling and Owen (1979) have re-examined the plastic 
deformation around a growing thermoelastic plate, and have predicted the size of the 
plastic zone around plates of various shapes and in materials with varying long-range 
order (figure 8b). In the disordered alloy (longrange order parameter S = 0), general 
yielding has occurred all around the isolated plate with an aspect ratio cjr = 0*02. 
However, when S > 04, such yielding is confined to a small volume near the radial edge. 
It is therefore clear that the primary role of ordering is to strengthen the parent and the 
martensite phases without affecting significantly the value of the shear modulus, /i, 
thereby increasing the ratio Oyhi of the yield strength to pt. 

The ordered arrangement of atoms is also important when one considers the reverse 
transformation upon heating. If a material is to exhibit the shape memory effect, it is 
essential that all the martensite plates formed in a single crystal of the parent phase 
should revert as a unit to the original orientation of the parent phase. When an ordered 
parent phase transforms to an ordered martensite, the arrangement of atoms, though 
ordered, exhibits a lower symmetry in the latter phase (following the deformation of the 
lattice). Considering that another lattice distortion must be operative during the inverse 
transformation, it follows that the number of reverse lattice correspondences is more 
limited than in cooling transformation, one imposes the restriction that the original 
ordered arrangement in the parent phase be recovered. In fact, in Cu-Al-Ni alloys it has 
been shown that there is only one lattice correspondence between the parent and the 
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martensite phases which maintains the original order (Wayman and Shimizu 1972). 
Accordingly, the ordered martensite is obliged to revert to the original orientation of 
the parent phase in this case. 

6.3 Lattice softening 

Shape memory alloys exhibit interesting and anomalous behaviour with respect to the 
temperature dependence (near of the electrical resistivity, elastic constants, etc. 
Moreover, ‘extra’ reflections appear in the x-ray and electron diffraction patterns taken 
at temperatures just above M,. The damping capacity of these alloys increases 
anomalously to reach a maximum near M,. Among all these pre-marten si tic 
phenomena, the most important and striking feature is that the temperature derivative 
of the elastic shear constant dC/dT (where C = (Cn — Ci2)/2) is large and positive. 
Zener (1947) has explained the low values of Ci i 2 observed in ^-brass for T » 
on the basis of the instability of the bcc lattice with respect to a (110) [ITO] shear. Thus it 
is suggested that the very low value of the thermodynamic driving force required at M, 
is due to the assistance by long wavelength phonon instabilities of the nucleation of 
martensite in a soft lattice. As with ordering, it is probable that the major, and certainly 
the most direct consequence, of lattice softening in the nature of martensite growth 
would be with regard to the ratio (jyhx. A decrease in // increases the magnitude of the 
shear strain which can be accommodated elastically. 

6.4 Mechanisms for the shape memory and related effects 

The most remarkable consequence of deformation by interface migration is that the 
substantial strains produced this way are often completely recoverable when the 
chemical or mechanical driving force is removed. This ‘shape recovery’ is a consequence 
of the highly ordered nature of the atomic displacements during thermoelastic interface 
deformation. It contrasts with the irreversibility of the plastic deformation produced by 
dislocation glide or by the formation of martensite plates or deformation twins with an 
accompanying dislocation deformation. The most important mechanisms based on 
interface migration which have been put-forward for the effects under consideration 
include (i) the stress-assisted reversible growth of martensite; (ii) the reorientation of 
the martensite plates under an applied stress; (iii) inter-twin growth; and 
(iv) martensite-to-martensite transformation under stress. We now discuss these 
mechanisms in brief. 

6.4a Stress-induced reversible growth of martensite: The essential feature of this 
mechanism is that those plates of martensite grow which have orientation and shear 
directions favoured by the dominant shear due to the imposed macroscopic change in 
shape; while other less favourably oriented variants shrink. The growth must be 
mechanically reversible (and hence thermoelastic) if the shape is to be completely 
recoverable. The martensite plates which participate in this mechanism may be 
nucleated under the action of the applied stress, in which case only the favourably- 
oriented variants will be produced; or they may be plates which may have been formed 
athermally before the external stress is applied. 

6.4b Reorientation of martensite plates: Macroscopic shape deformation can be 
achieved by an externally applied stress through the growth of martensite plates 
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favourably oriented in the stress field at the expense of less suitably oriented plates. It is 
to be noted that when the martensite interface moves, the habit plane itself remains 
unchanged, suggesting that ratio of the thickness of alternate segments of transform¬ 
ation twins within the plates remains unchanged. A special and specific mechanism 
whereby martensite plates can be reoriented under stress has been proposed by 
Wasilewski (1975). It is described as a ‘stress-assisted double transformation*. When a 
stress is applied at a temperature between and My, the martensite transforms to the 
jS'-phase by the stress-assisted reverse transformation; (My is the martensite finish 
temperature during cooling and is the lowest temperature at which martensite 
reverts to austenite under deformation) and then, because it is both thermally unstable 
and subject to an external stress, it transforms instantaneously to a martensite variant 
more favourably oriented with respect to the applied stress field than the original plate. 
However, there is no experimental evidence as yet for the transitory existence of an 
intermediate ^'-phase. 

If the specimen is fully martensitic and consists of self-accommodating groups of 
martensite, then on the application of external stress, movements of the existing plate 
boundaries or creation of new ones together with changes in internal structure will 
occur. Because no untransformed parent phase is present, no invariant plane strain 
conditions need to be satisfied; only a three-dimensional strain minimisation is 
necessary. 

6.4c Inter-twin growth: Macroscopic deformation by change in the thickness of two 
twin variants under an applied stress was first reported by Olander (1932) and studied 
in detail in Au-Cd and In-Tl alloys by Chang and Read (1951). This mechanism does 
not involve any movement of the martensite-martensite interfaces. On applying a stress 
the twin boundaries move so as to thicken those twins which are favourably oriented 
with respect to the applied stress. On removal of the stress, the. twin boundaries return 
(relatively slowly) to their original positions, and the specimen recovers its original 
shape. The strains thus recoverable may be as large as 0 08 in Au-Cd. 

6.4d Martensite-to-martensite transformation under stress: In Cu-Ni-Al alloys two 
different martensites p\ and y\ form from the parent Pi. It is reported that the P' 
martensite can be transformed partially to y\ by applying a stress below M,, 
Similarly, athcrmally formed Pi martensite in Cu-Al alloys can transform either to an 
fee or hep structure by deformation. Delaey and Warlimont (1975) have demonstrated a 
similar martensite-to-martensite-transformation in a Cu-Zn-Al alloy. 

The different possible routes in a pseudoelastic cycle and a shape memory cycle are 
illustrated in figure 9 (Cook 1981). This diagram compares the changes involved in a 
shape memory cycle (VABCDEZ) with those in a pseudoelastic cycle (VWXYZ). If the 
same martensite phase is produced in the two cycles, the structure at X is identical with 
that at C and D, and the state X may be convert^ into D by cooling at a constant strain. 


7. Applications of the shape memory effect 

One of the earliest applications of the shape effect was the introduction of tubing or 
pipe couplings that shrink during heating. Ni-Ti alloy couplings are used for 
connecting aircraft hydraulic lines. These are expanded by 4% in the martensitic 
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Figure 9. Schematic structural changes during a pseudoelastic cycle VWXYZ and a shape 
memory cycle VABCDEZ. 


condition at liquid nitrogen temperatures, and placed around the tubes to be joined. 
Warming at room temperature produces a tight seal. Substantial developments have 
taken place in the field of copper-based shape memory alloys, particularly the Cu-Zn-Al 
alloys, with emphasis on their applications as thermostats, automotive control devices 
and actuators. Applications in the field of medicine include the use of such materials for 
orthodontic dental arch wires, blood clot filters and orthopaedic devices. 
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Discussion 


V K Waxlhawan: What is the role of the superlattice structure in the shape memory 
effect? 

Y Seetharaman: Ordering of the parent and martensite phases has two consequences, 
(i) It increases the yield strength of the parent and product phases by the ‘Fisher’s order 
hardening mechanism’ (ii) It reduces the number of variants available for the reverse 
transformation so that strain recovery can occur eflBciently. 

S Ray: Does the shape memory effect occur only in isothermal martensite systems 
(through mode softening) or is it possible in athermal martensites also? 

Seetharaman: It is seen in athermal martensites though the mode may not soften 
completely. 

R Krishnan: Are there examples of transformation induced plasticity in ceramic 
materials? 

Seetharaman: I know only a few examples of these. The material must have a residual 
plasticity before we can introduce trip. 
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Strength and electronic structure 

K GOVINDA RAJAN 

Materials Science Laboratory, Reactor Research Centre, Kalpakkam 603102, India 

Abstract. The main attribute of a solid is its resistance to deformation, or its ‘strength*. We 
discuss first the interpretation of the strength parameter. The current situation with regard to 
the central problem of providing a microscopic description of the strength parameter is briefly 
reviewed Electrons in metals provide the cohesion, so that an understanding of the role played 
by electronic structure in the strength attribute should lead to practical hints for building 
stronger materials. The useful ‘aircraft alloy* (Ti + A1 + V) illustrates one such important 
relationship, uiz., that the addition of a non d-charactcr metal to a d-electron host strengthens 
the latter. Again, metals are distinguished from non-metals by the Fermi surface they possess, 
and it is interesting to examine any possible relationship between the anisotropy of the Fermi 
surface with the observed anisotropy in hardness (or yield strength). Next, we turn to cleavage, 
and point out that the assumption that it is the exact opposite of cohesion faces objections. 
Cohesion is an average propel, whereas cleavage is a crack-tip phenomenon. Finally, among 
the processes fafniliar to the metallurgist wherein a metal is hardened, electron-moderated 
mechanisms have been identified in at least two cases, and we conclude with a brief account of 
these. , 

Keywords. Strength; cohesive energy; electronic energy; electron-mediated interactions; 
strengthening mechanisms. 


.. merely corroborative details to lend an aspect of verisimilitude to what would 
otherwise be a bald and unconvincing narrative ...” 

Gilbert and Sullivan—^The Mikado 


1. Introduction 

A solid is characterized by its resistance to deformation, or its strength. In particular, 
the ability of a solid to resist shearing forces is used to distinguish it from a fluid. Three 
broad characteristics can be recognized when the meaning of ‘strength’ is considered. 
Resilience or elasticity, when subjected to transient forces—that is, how strongly does 
the solid attempt to regain its original shape if a force is applied to it for a time and then 
removed? The Young’s modulus, which is a measure of such resistance, varies over three 
orders of magnitude dyn/cm^). Resistance to flow is the next characteristic 

and it concerns the question: how much applied force is requirea to obtain a particular 
rate of flow? Flow resistoce varies even more—from 10^ to 10^^ dyn/cm^—^and the 
measured rates of flow vary over 12 orders of magnitude. Third, by applying sufficient 
tension, solids can be pulled apart into two pieces. How much applied force is required 
to fracture a solid? Fracture resistance is the resistance of a material to crack 
propagation. It is measured in terms of the fracture surface energy, which may be as 
little as 10 dyn/cm or as high as 10® dyn/cm, i.e., varies over 7 orders of magnitude. 

Owing to these diverse and variable aspects, the problem of strength is one of great 
complexity. Strength depends on the collective response of a crystal to applied stress, so 
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that its description is quite involved. That is, strength depends on the behaviour of 
aggregates of particles, and the central problem in the science of strength has been to 
learn how to describe mechanical behaviour in terms of the fundamental properties of 
matter, so that the shapes of stress-strain or strain-time curves and their dependence on 
loading conditions can be predicted from a small number of experimental relationships 
(Gilman 1969). 

Turning to metals, we know that the properties of metals arise from the behaviour of 
the free electrons, and their interaction with the metallic ions. Much attention has 
therefore been directed to the properties of electrons (in particular, the free electrons) in 
metals, and features such as electrical conduction, magnetic properties and structure in 
metals have been understood. This success provides the motivation to look into the 
question of whether progress with regard to the strength attribute too can be made 
using this approach. 


2. Perfect cleavage 

We begin by discussing how the strength of a solid is calculated in order to understand 
the role of electronic structure. 

The separation of a crystal into two or more parts by the propagation of a 
geometrically plane crack through the solid is called cleavage. Perfect cleavage is 
portrayed in figure 1. A crystal is stressed in tension vertically to the point of theoretical 
cohesive strength (figure la), and then this stress is exceeded simultaneously at every 
one of the atomic bonds across the cleavage plane extending interminably and 
mathematically all the way across the stressed crystal (figure lb), with no intermediate 
stages. The crystal goes directly from cohesion to cleavage with no crack propagation 
direction. The more recent, and present, concept of perfect cleavage is that the elastic 
bonds connecting the atoms are individually overcome one by one in chronological 
order, as shown in figure Ic. In this visualization, perfect cleavage is the propagation of 
an atomically sharp crack with the applied stress overcoming the elastic stresses in a 
purely elastic manner, and with the atoms separating in geometrically opposite 
directions, along the direction of the tensile stress. 


2.1 Ideal strength of a crystalline solid 

The maximum stress required to produce, in an ideal crystal, a perfect cleavage of the 
form imagined above is called the ideal strength or the theoretical strength of a solid 



Figure 1. Perfect cleavage; (a) and (b) Original picture; (c) present concept of perfect 
cleavage. 
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(’n). Before the development of the dislocation theory of solids, this problem was of 
considerable interest b^use calculated values of the strength were typically greater 
than experimental values by a factor of 100 or more. Even at the present time, this 
problem is of theoretical and practical importance, as a knowledge of the ts is useful in 
determining the stress distribution and other properties in the region at the tip of a 
crack; in determining the dislocation core radii; in defining the point at which coherency 
breakdown occurs at a particle-matrix interface; and in providing insight into the 
phenomenon of melting. The reviews by Milstein (1982) and Macmillan (1972) 
exemplify these points. Macmillan also reviews the practical approach to the 
measurement of ts. The measurements are carried out either on specially grown 
whiskers or on single crystals of materials in which the dislocation density is very small 
(~ 10^-10^ cm^). Table 1 provides a comparison between the calculated and measured 
strength for a few solids. 

A simple way of estimating the cleavage stress of a perfect crystal is as follows (Kelly 
1973). It is assumed that the crystal is pulled at T = 0, and the restoring force per unit 
area between two adjacent atomic planes is assumed to vary with distance according to 
<7 = K sin7c/a(x —Uq), where Uq is the equilibrium separation between the atomic 
planes, and a is the range of the interatomic force. The latter is evaluated by setting 



at cleavage, y being the surface energy of the solid; the factor 2 appears because a pair of 
surfaces is created when cleavage occurs. Thus a = w^jK. The ma ximum value of a is 
identified as the ts of the solid, so that we have simply =K.Kis evaluated from the 

definition of the Young’s modulus T for the appropriate direction in the solid, namely, 
T = flo dff/dx. For x a, this gives 

■V V ^ It . . Kjcoo 

Y = Kit — cos— (fl — fln) ss: -, 

a a CL 

Table 1. Comparison of calculated and measured values of the strength of a few solids. 



Values indicated in parentheses are the calculated strains. 
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so that we have, finally, 

•^max = (1) 

This simple treatment indicates that the strength goes as and ^/y. The values of 
strengths obtained from this approach are indicated in table 1 . 


2.2 More exact calculations of ts 

After Born’s work on the necessary conditions for the thermodynamic stability of a 
crystal lattice with respect to arbitrary (but small) homogeneous deformations, many 
attempts have been made to refine the calculations of the theoretical strength (Esposito 
et al 1980; Milstein 1982). The current approach is to proceed along the following lines: 
(a) The solid under consideration is defined by specifying its crystal structure, 
parameters of the unit cell, etc. (b) The interaction between the ions and electrons is 
specified next. For simplicity, pair potentials (Lennard-Jones, Morse, etc.) are used. 
However, for metals where there is a clear deviation from the Cauchy relation 
Ci 2 — C 44 . the pair potential approximation is not applicable. Recently, the so-called 
“ab-initio potential” method for the calculation of the ts has been developed to 
overcome the limitations of the pair-potential approximation (Carlsson et al 1980). 

(c) The Born stability criteria are applied, and the suitability of the potential is checked. 

(d) The cohesive energy per atom (or unit cell) is calculated as a function of the 

parameters of the potential and other geometric parameters, (e) The unit cell is 
stretched, and the energy is calculated as a function of the strain, (f) Considering for 
the moment a cubic crystal with lattice parameter flo (thusui = Uj = 02 = ao)> his clear 
that a stretch, for example along [100], will impart a tetragonal distortion. For 
computational ease the deformation is imagined to increase Oi and decrease 02 and 03 
in such a manner as to keep 03 = ^3 and the transverse stress ffj = = 0. In practice, 

this is achieved by an iterative technique. The relevant stress is calculated from the 
expression 

_ 4 dU 
~ al diajao)' 

where U is the cohesive energy. The theoretical strength is identified as 

TS = (ffi)ma- (3) 

Figure 2 gives an idea of the way varies with extension along [100] in nickel. The 
maximum Gi value is the ts, and the corresponding value gives the strain at fracture. 

Obviously, the cleavage process is imagined to be the exact opposite of cohesion, with 
all bonds snapping simultaneously when Gi reaches ((rjjnax- 
Further details may be found in the references listed at the end {e.g., Milstein 1982). 
Table 1 also contains the ts values calculated by these more exact methods. It is 
interesting to note that even the naive calculations outlined in § 2.1 are already in 
reasonably good agreement with the observed values. The more exact calculations, in 
addition to improving this agreement, also help us in imderstanding the correlation 
between the electronic structure and strength of metals. 
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3. Cohesion and electronic structure 


We have seen that in strength calculations, the cohesive energy of the solid has to be first 
determined. It therefore becomes necessary to see how the electronic structure enters 
the calculation of cohesive energy, for a better understanding of the relationship 
between strength and electronic structure (especially in metals). 

The calculations of the total energy of a metallic structure is formulated as the 
determination of the energy of an assembly of N ions (each with volume Q) at sites r„ 
arranged on a crystal lattice, and NZ valence electrons. The total energy U is first 
separated into the energy of the ions, which is purely potential and comes from their 
mutual repulsion, and that of the electrons, which contains both kinetic and potential 
terms. The energy of an electron with momentum k is given (to a second order of 
approximation) by 


E(k) = ^+V,^Y 








( 4 ) 


in standard notation. To obtain the total energy of the electrons, we must sum E{k) over 
all occupied states, le., over all /c < fc^., the Fermi momentum of the electrons. The first 
two terms on the right in (3) are free-electron terms, this being the zeroth 
approximation for the perturbation theory. All such terms are structure-independent, 
TTie first term is the kinetic energy of the free electron gas, and the second is the average 
value of the lattice potential. Both terms depend upon the total volume. All the 
structure dependence of E{k) resides in the third term, which contains the strengths of 
atomic potentials expressed in some suitable form. If the potentials are weak, a second- 
order correction is adequate and this leaves E{k) only slightly structure-dependent. The 
corresponding mechanical characteristic is softness; e.g.: Na, K, etc. As the strength of 
the atomic potentials in a sequence of metals increases more terms have to be added to 
E{k), making it more and more structure-dependent. As a result, these metals fall into a 
sequence of increasing hardness (or strength). It has been suggested that the parameter 
Eg/A can also be used as a measure of atomic potential strength, where Eg is the width of 
a low-lying band gap at the zone boundary and A is the width of the energy band itself. 

The cohesive energy of a metal can be written as a sum 


t/ = [/o + U, 


( 5 ) 


of a structure-independent part Uq, and a structure-dependent term [/,. The former is 
given by 

3 

= -Z£^ + ZFo-0-9 —. (6) 


The first two terms represent the free electron energy averaged over all the occupied 
states. {Ejr is the free electron Fermi energy.) ZVq is the mean value of the 
pseudopotential in a sphere of 12, te, the mean potential energy per electron multiplied 
by the number of electron per ion. is the electrostatic energy of the ions in the 
uniform free electron gas. In determining its value, the ions are imagined to be spheres 
immersed in the electron gas. When crystal structures are taken into account, the 
geometric factor 09 is modified to other values very close to 0*9. Correction terms like 
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Table 2. Comparison between the observed values of the cohesive energy U with the 
calculated values of the structure Independent part of U. 


Element 

- Vo (in ry) 
calculated 

Measured 
cohesive 
energy (ry) 

Li 

0-513 

0512 

Na 

0-457 

0460 

K 

0-369 

0388 

Be 

0-995 

M3 

Mg 

0-852 

0892 

Zn 

0-991 

105 

Cd 

0937 

0993 

A1 

1-32 

1-38 

Sn 

1-69 

1-77 

Pb 

1-73 

1-81 


the electrostatic self-energy, that is, the interaction of the electron gas with itself, also 
have to be considered. The structure-independent energy Uq is thus 


Z^e^ 


Uo = jZE^ + ZVo-0-9 ^ 


f p (»•)(>•) 
2zJ|r-r'’ 


dr dr'. 


( 7 ) 


Further correction terms to allow for correlation and exchange effects among the 
conduction electrons and for the exclusion of conduction electrons from the core, 
enable I/q to be determined more accurately. 

A comparison (table 2) between the observed and calculated cohesive energies for a 
number of metals shows that the structure-independent energy dominates the volume 
dependence of the total energy; so that, by choosing a particular pseudopotential form, 
Uq can be evaluated as a function of O. From this, the structure, compressibility and 
strength follow readily. 

The structure-dependent energy [/, has the following terms: 


+ ( 8 ) 

The band structure energy is the change in energy in going from the free electron 
model to one containing a periodic potential. is a structure-dependent,correction 
to In one dimension, if the Fermi level lies just below a band gap, the effect of the 
band structure is a lowering of the energy below the free electron level. If the Fermi level 
were far above a band gap, the net effect would leave the free electron energy unaltered. 
However, the actual Fermi surfaces in metals and other crystals always lie close to the 
first few reciprocal lattice vectors so that the effect of the band gaps always decreases the 
total energy, i.e. is always negative. Figure 3 shows this schematically. This 
structure-dependent part of the electron energy can be expressed as 


U 


BS “ 


I T 

k<kp g 


^k — ^k+g 


( 9 ) 


This is a perturbation-theoretic result, and is not accurate close to the Brillouin zone 
boundary—^it diverges when the Bragg condition is exactly satisfied. The way the 
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structure controls TJ^ can be seen by writing the final form of l/gg as 

t/Bs=r [S(ff)]^[^^(4)]"x(9)e(9). (10) 

» *0 

where S{g) is zero except at reciprocal lattice vector points and is thus the sole repository 
for the influence of the structure. The remaining factors are characteristic only of the 
nature of the atoms in question, and they are usually collectively termed the energy- 
wavenumber characteristic f ( 9 ); 

F{q)=V{qfx{<l)^{ll), ( 11 ) 

F( 4 ) has the form as shown in figure 4 for various metals. 

The theory described so far has been used by metal physicists to understand the 
crystal structure of metals, to provide the basis for the Hume-Rothery rules, and to 
explain the stability of alloy phases at the absolute zero of temperature (Harrison 1966; 
Wilkes 1973). Calculation of the theoretical strength has been attempted only for 
copper and fee iron. Once U is calculated the calculation of the strength proceeds on the 
lines explained in § 2.2. Table 3 indicates the values of theoretical strengths obtained for 
copper using three different potentials. Obviously, this approach of treating the 



(a) (b) (c) 

Figure 3. (a) Free electron Fermi surface—a sphere, (b) The Fermi sphere intersected by a 
Brillouin zone. This gives rise to little energy change, (c) Sphere touching plane—energy gain. 
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Table 3. The theoretical strength of copper calculated using three different model 
potentials. 



Theoretical 

Strain 

Potential 

strength, a,(dyn/cin^) 

e, = ff,/T 

Nonself-consisient kkr 
Self-consistent asw with 

5-5x10“ (T/2-3) 

0-5 

Ewald correction 

3-6 fr/40) 

0-3 

Pair potential 

3-6 (T/40) 

0-5 


electrons as nearly free cannot be used when dealing with transition and rare-earth 
metals, as these possess narrow d and / bands respectively. 

It may be observed from tables 1 and 3 that while there is satisfactory agreement 
between the computed and observed tr, values, the calculated values of the strains e, at 
failure are nearly an order of magnitude greater than those found experimentally. 
Brenner’s (1956) early experiments on single crystal copper whiskers indicated for 
[111] tension, a maximum stress ~T/40, where Tis the measured Young’s modulus 
for polycrystalline copper, and a strain of only 0-03 (3 %). Brenner noticed that in his 
experiments, all the specimens did not cleave, but sheared apart. It might also be of 
interest to note that in another study (McQueen and Marsh 1962), flat single crystal 
samples of Cu were subjected to shock waves of sufficient intensity to cause fracture. 
Because of the geometry of the experiment, the transverse dimensions of the sample 
remain essentially fixed. For the [100] orientation, the yield strength obtained was 
T/7-5. However, the derivation of this value from the known shock-wave intensity 
involved the use of hydrodynamic equations and equations of state whose validity is 
difficult to assess. 

The substantial difference between the calculated and the observed strains prompts 
us to examine closely how good the foregoing picture of cleavage is. It is true that in 
some experiments a shear yield rather than no clean cleavage was observed. Yet, this 
alone cannot account for the entire difference. It must be that, after all, fracture is not as 
simple as pure cleavage, which is just the antithesis of cohesion. Finally, it should be 
mentioned that the strength calculations have so far been performed for a simple cubic 
unit cell; it is not known at present just how complicated these calculations are for other 
lower symmetries. 


4. Cohesion vs cleavage 

Cohesion may be described as a process holding the atoms together and cleavage as a 
process parting the atoms, and it is tempting to imagine these processes being exactly 
opposite in character. In tensile tests crystals are held together by cohesion until a load 
is reached where cleavage (or other fracture) occurs. From the measured load and the 
cross-sectional area one can compute the average force per unit area which existed at 
the time of fracture. This is the fracture, or cleavage, stress. It is not the cohesive 
strength; up to the point of fracture, the crystal had cohesion, and every atomic bond 
across the future cleavage plane was certainly strained in something close to perfectly- 
elastic tension. The moment a crack formal, however, be it 10 A or 2000 A, a new 
condition came into being—^the crack tip. In short, cleavage is a crack-tip phenomenon, 
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whereas cohesion is an average property of a crystal. It is appropriate to quote Beachem 
(1978) here: “Cohesive energies, or cohesive forces, do account for the loads to which 
tensile or bend specimens can be subjected before they break. Once fracture starts, 
however, events become localized and average properties become less important than 
local stresses, general microstructures become less important than local crack-tip 
microstructures, and bulk environments become less important than local crack-tip 
environments. Those average macroscopic bulk properties which were used in 
predicting the forces to which the whisker (or other specimen) could be loaded, before 
fracture, no longer apply. Local properties and events become decisive. Once fracture 
starts, it is a whole new baU game.” 


5. Yield strength, hardness and related parameters 

The hardness of materials is a very useful quantity from the practical viewpoint. It is an 
empirical parameter; depending on the material, and is measured on a suitable scale. 
Figure 5 shows how the Vicker’s hardness varies across the periodic table for the 
various elements. The hardness of a crystalline material and its yield strength are 
proportional to each other (Gilman 1973; Havner 1979). Thus the same trend in 
variation is expected for the strength attribute. The first prominent peak at around 
e/fl‘^7 lies among the transition metals possessing narrow d-bands. The second, 
higher peak is found among the group IV metalloid elements. This latter peak in the 
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Figure 5. Vickers hardness at room temperature for various metals (after O’Neill 1967). 
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strength is interpreted in terms of the progressive changeover from metallic to covalent 
bonding. The second peak will still be there, even if one questions the validity of 
inclusion of diamond (metastable phase) in the figure. 

Extensive data on the hardness of metals and alloys are available in the literature. In 
recent years, the microhardness parameter of metals and alloys has come to be regarded 
as the ‘strength’ microprobe (Westbrook and Conrad 1973). Two recent results 
concerning the behaviour of microhardness are relevant here and serve to illustrate the 
subtle interplay between the electronic structure and the strength. The first is the rather 
surprising correlation found between the microhardness and the semiconductor-to- 
metal transition pressure in group IV elements (Gerk and Tabor 1978). The hardness 
values of Ge, Si and C (diamond) were found to be 800, 1200 and 10^ kg/mm^ 
respectively. These values are remarkably close to the hydrostatic pressure values 
necessary to initiate semiconductor-to-metal transition in these elements (1000, 1550 
and 10"^ kg/mm^). This indicates that plastic flow has been sustained (ductility 
indicates the presence of the metallic phase) in these brittle materials, and is probably 
because the indentation process involves a large component of hydrostatic stress 
inhibiting brittle failure. The second point concerns the now-established anisotropy 
with respect to crystallographic direction of the hardness of crystals. The elegant 
experiments of Tabor and his school, especially those of Brookes, have established the 
scratch hardness technique on an analytical basis, and data on the hardness along 
different crystallographic directions is available (Brookes 1981; O’Neill 1967; 
Westbrook and Conrad 1973). Results for copper appear in figure 6. One interprets the 
anisotropy in terms of the variation in the resolved shear stress for a specified indentor 
orientation, and therefore with the relevant active slip system. Since hardness and yield 
strength can be imagined to be directly related in metals, the question arises whether the 



Figure 6. The measured scratch hardness results for copper. The indentor used was 
diamond with a 120‘’ cone and an edge-leading 136° pyramid, and with a normal load of 500 g. 
(a) (001) surface and (b) (110) surface. The bottom curves represent the calculated stress 
values along various directions, all lying in the plane on which measurements are made 
(Brookes 1981). 





728 


K Govinda Rajan 


above anisotropy can emerge from the calculation of the cohesive energy. The 
structure-dependent term in the total energy (equation (9)) must therefore be 
subjected to a closer examination. This involves analysing the band structure and Fermi 
surface in the presence of an applied stress. A beginning has been made in Watts (1979). 
It appears that by calculating the electron density from these Fermi surface results, one 
can discuss the influence of external stress on the elastic constants and, consequently the 
hardness. It is suggested that this line of approach might help in the endeavour to 
correlate the anisotropy in hardness with the anisotropy in the Fermi surface. 

6. Strengthening mechanisms: role of electron mediated processes 

There are a number of processes, well-known to metallurgists, available for enhancing 
the strength of elemental metals. The chief methods are (Peckner 1967): (a) dislocation 
strengthening, (b) strain hardening, (c) solid-solution hardening, (d) precipitation 
hardening, (e) dispersed-phase strengthening, (f) diffusionless (martensitic) trans¬ 
formation strengthening, (g) superlattice strengthening, and (h) radiation hardening. 
If we ask whether a definite electron-mediated effect has been identified with the 
strengthening mechanism in any of the above processes, the answer is a tentative ‘yes’ 
for mechanisms (c) and (g). We therefore start with the discussion of solid-solution 
strengthening. 

6.1 Solid-solution strengthening 

The simplest method of strengthening or hardening is by alloying the host element with 
other suitable elements/impurities. According to Conrad (1981), the solubility of 
the impurities will have a different value in the vicinity of dislocations than in other 
regions, and that the solute distribution will be such as to minimize the energy of the 
alloy. As the dislocations move under external stress this minimum energy configur¬ 
ation of the impurities is disturbed, raising the energy; the impurities thus tend to act as 
pinning centres for dislocations. The actual detailed mechanism could either be elastic 
or electronic in origin. (Ultimately, of course, elastic energy can be traced to an 
electronic origin). The problem of solution hardening in alloy physics can be related to 
that of calculating the change in energy of an impurity as its nearest neighbours vary 
their relative positions. The impurities are assumed to be arranged such that the 
distortion around the impurity is part of a macroscopic and uniform distortion of the 
surrounding host. The distortion is produced by first considering a single impurity in 
the host, undistorted except for the elastic distortion produced by a possible size mis¬ 
match. Thus a macroscopic and uniform distortion AS is applied to the host so as to 
produce the desired distortion around the impurity. Changes in the energy of the 
system as a function of the distortion are calculated and A£,*, the part due to the 
presence of the impurity, is isolated. The interaction between the impurities is neglected 
(assuming the impurity to be sufiiciently dilute). The magnitude of AEi/AS is a measure 
of the solution strengthening; the larger it is, the greater is the solution strengthening. 
Figure 7 shows the strengthening coefficient for a few Ti-based alloys (CoUings and Gegel 
1975). It can be deduced from these figures that the solid solution strengthening 
increases roughly in proportion to the distance between the columns in the periodic 
table of the solvent and solute. In Ti, when such an impurity is added, its lack of d- 
character causes a larger perturbation in the wave fimction of the system in its vicinity. 
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SQUARE OF SPECIRC SaUTE 
RESISTIVITY. 

Figure 7. Correlation between the strengthening 
coefficient (dc/dC) (equivalently, dEi/da) and the 
electrical resistivity for a set of Ti + £ alloys and a set 
of Ti + A1 + B alloys (B = Ga, Sn, etc.) (Collings and 
Gegel 1975). 


Assuming that the wavefunction in the vicinity of an atom is the same as it is in the 
atomic configuration, the problem is simplified by imagining the perturbation 
introduced by the impurity to be spherically symmetric and highly localized. This then 
permits the definition of phase shifts introduced by the presence of the impurity. The 
phase shift (for a general /-character: / = s, p,. ..) has the form 

<5, = 7cZ,/(4/ + 2), (12) 

where Zi is the difference in the number of valence electrons between the impurity and 
the host. The introduction of the impurity and the corresponding phase shifts disturbs 
the wave function in the vicinity of the impurity. The distortion is appreciable and 
causes a given Bloch state to scatter into other states and decay with time. This leads to 
electrical resistivity; and indeed, a significant correlation has been found in experimen¬ 
tal studies between the increase in electrical resistivity Ap and the solution hardening. It 
is of interest to look at the form of the final expression for the strengthening coefficient 
d£,/da (Stern 1975) 

da 67t da [_ * n 

This is entirely equivalent to da/dC, the variation of the conductivity with the impurity 
concentration. In (13), W is the band width and a is the lattice parameter, (e is the 
reduced energy parameter, E/W.) Cq is six times the ground state energy of the impurity 
in units of W. R and / are certain functions that involve the phase shifts. As dW/da in 
(13) is independent of the impurity, the variation of interest is the expression in square 
brackets. If the impurity forms a bound state level below the bottom of the band 
{Uq 4: —1), then (dEi/da) is proportional to Uo\ thus larger the magnitude of Uq, 
greater is the dEJda, and greater the solid solution strengthening. 


8oI(e)dE 


{l-eoR(e)y + {eoHs)y 


(13) 
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Thus, it seems that an impurity with an electronic structure very different from that 
of the host causes a large perturbation of the wavefunction of the latter, leading to large 
phase shifts and consequently to high solution hardening. It would be worthwhile to 
measure the changes in the various elastic constants of the alloy with impurity 
concentration, in particular to confirm the expected increase in elastic constants with 
the addition of impurities of the above type (Conrad 1981). 

6.2 Superlattice strengthening 

In a solid solution, the atoms of the different components of the alloy form a common 
crystal lattice, generally that of the solvent. The metallic type of bond is found in all 
metal-based solid solutions regardless of the type of bond peculiar to the solute in the 
solid state. Nonmetallic atoms (C, N, Si, etc.) do not change the metallic bond of metallic 
solid solutions. In a number of metallic systems (Cu -h Au, Fe + Al, Fe -f- Si, Ni -h Mn, 
etc.) the atoms of both components occupy entirely definite positions in the solid 
solution lattice if the alloy has been slowly cooled or has been heated for a long time at a 
definite temperature. Such ordered solid solutions are distinct from those in which the 
components assume statistically random positions in the lattice. This new order 
superimposed on the solvent lattice results in a structure called a ‘superlattice’. Ordered 
solid solutions occur when the ratios of the alloyed components (in atomic %) are equal 
to whole numbers, and are designated Cua Au, FeaAl etc. The formation of an ordered 
solid solution is accompanied by a sharp fall in electrical resistivity and a sharp increase 
in hardness and strength. 

The ‘order-disorder’ compounds are regarded as intermediate phase between solid 
solutions and chemical compounds. Much work has been done on these alloys 
(WarUmont 1974), including the correlation between their mechanical properties (in 
particular, the strength) and their electronic structure. Experimentally, correlations are 
found between a typical strength attribute, namely, hardness, and the so-called short- 
range-order (sRo) parameter, which is related to the ordering energy V{k), The sro 
parameter can be determined from diffuse x-ray scattering measurements, as in these 
measurements one really probes the chemical nature of the nearest neighbours of an 
atom, and thus the sro. Interesting Fermi surface effects giving rise to satellites in the 
diffuse x-ray scattering have been seen (Scattergood et al 1970), and thus the sro and the 
Fermi surface effects in these compounds can be imagined to be related. If only the 
connection between any elastic constant (or any other suitable strength attribute) and 
the SRO parameter, can be established, the correlation between the strength and 
electronic structure in this mode of strengthening can be understood. This last step 
constitutes the lacuna in this area of investigation. 

7. Summary 

Elucidating the physical basis of one of the important mechanical attributes of a solid, 
namely, its strength, continues to be a challenging problem. Much success has, no doubt 
been achieved using the dislocation idea. We have examined the problem of 
understanding the strength of a crystalline solid on the basis of its electronic properties. 
The attempts that have been made so far adopted the view that cleavage can be regarded 
as the exact opposite of cohesion. This enables one to use in full the electronic theory of 
the cohesion of solids. The strength values calculated on this assumption agree by and 
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large with the limited experimental values available. However, as pointed out in § 3, 
there is an order of magnitude difference between the calculated and measured strains 
at failure. Also, it is true that the way the unit cell is assumed to deform in calculating the 
strength is not realistic. There is scope for refinements here, both in terms of allowing 
for more realistic deformations as well as extending' the calculation to non-cubic 
symmetries of the unit cell. Nevertheless, it appears that as far as the problem of 
cleavage is concerned, well-known dislocation mechanisms and dislocation-crack-tip 
interactions are adequate to account for the strength of materials. The electronic theory 
(in the form of a phase shift analysis) meets with reasonable success when applied to the 
solution-strengthening problem. Systematic measurements of the elastic constants of 
sequences of alloys with, say, titanium as the host metal will be valuable. In the case of 
order-disorder compounds, an analysis of the relationship between the short-range- 
order parameter and the elastic constants (and thus the strength) would be very 
desirable. We have not commented in this article on the possible correlations that may 
exist between the electronic structure and the other strengthening mechanisms listed 
in §6. 
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Discussion 

K R Rao: Could you comment on the nature of the electronic systems you are 
considering and their relation to the strength of materials? 

K Govinda Rajan: The kind of electrons being considered will be specified once the 
potential is specified. It may also be useful to think in terms of electron charge densities 
around ion cores and their distortion during loading to understand strength 
phenomena. 

A P Pathak: Instead of talking about the “effects of electronic structure on strength”, it 
appears to be preferable to consider the correlation of electronic and mechanical 
properties. After all, all cohesion in solids is due to electronic structure (either orbital 
core electrons or conduction/valence electrons), and strength must necessarily be due 
entirely to electronic structure. Evidently the strength does not depend simply or 
directly upon, say, the band gap-or the conduction electron density (as do the electrical 
properties), but on combinations of these properties, the core electrons, and of course 
the structure of the solid. Would you like to comment on this? 

Govinda Rajan: In the exhaustive review by K A Gschneider (Solid State Physics, Vol. 
16), one finds graphs of electronic properties (resistivity, valence electrons per atom, 
etc.) vs mechanical properties (yield strength hardness) for elemental metals. No 
significant microscopic picture, however, has emerged. What I have attempted instead 
is to identify—^from the plethora of mechanical properties—^the “strength” attribute, 
and to discuss the role of electronic structure in this context. This is because the strength 
parameter is, in a sense, the final stage of the mechanical response of a solid, and thus 
should be amenable to simple calculations. Even this view in which, for instance, 
cleavage is imagined to be the exact opposite of cohesion has met with serious objection 
from the metallurgists, as I have taken care to point out 

G Venkataraman: It might be interesting to measure the hardness of a semiconductor 
after pumping electrons into the conduction band by, say, using a laser. This would also 
have practical relevance to devices like GaAs diode lasers. 
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Ferroelasticity 
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Neutron Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay 400 085, India 

Abstract. This paper surveys the present-day description of ferroelasticity in terms of the 
notion of symmetry descent. Based on the work of earlier authors, a symmetry classification of 
phase transitions is presented. A general classification of twinning in crystals is also attempted 
on the basis of tMs scheme. Most kinds of twinning fall into two broad categories: 
nonferroelastic and ferroelastic. The shape-memory effect associated with martensitic transit¬ 
ions is discussed briefly. The interesting possibilities of this effect in the case of ferroelectric 
ferroelastics, for which the electric field provides an additional control parameter, are also 
mentioned. 

Keywords. Ferroelasticity; symmetry; phase transitions; twinning; ferroelectric ferroelastics. 


1. Introduction 

Hie elastic (or recoverable) response of a material to a small external stress can be 
nonlinear in general, although it is predominantly linear in a large number of crystalline 
substances, glass,, and many cross-linked polymers. The elastic response is markedly 
nonlinear in cellular structures like wood and in ‘^elastomers"’ like rubber, which consist 
of long, spaghetti-like, entwined molecules. The recoverable strain in materials of either 
the linear or the nonlinear type is usually a single-valued function of the small applied 
stress. There is, however, a technologically important class of materials for which the 
elastic response is neither linear nor single-valued. Ferroelastic materials belong to this 
class. 

A good deal of our present understanding of ferroelastics has been obtained by 
considering them as the mechanical analbgues of ferroelectric and ferromagnetic 
materials. In fact, the concept of ferroelasticity itself was introduced by direct analogy 
with ferroelectridty and ferromagnetism. In particular, one associates stress-strain 
hysteresis with a ferroelastic, which implies that the spontaneous strain is a double¬ 
valued function of stress, even for vanishingly small values of the stress (figure 1). The 
key to such mechanical behaviour lies in the domain structure of the ferroelastic. As we 
shall see, the most elegant and rational description of the domain structure of a crystal 
comes from considerations of broken symmetry at a real or hypothetical phase 
transition. A proper understanding of ferroelastic behaviour is hardly possible unless 
one pays attention to the ferroelastic phase transition. 

The most significant factor contributing to this understanding has been the 
approach, initiated by Aizu (1970) and developed by a number of other workers, 
(Janovec et al 1975; Toledano and Tol&lano 1976, 1977, 1980, 1982), according to 
which ferroelastic phase transitions form part of the larger class of ferroic phase 
transitions: these are transitions which result in a change of the point-group symmetry of 
the crystal. A ferroelastic phase transition, by definition, entails not only a change of the 
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Figure 1. Stress-strain hysteresis curve 
for the ferroelastic ^ - Au 26 Cu 3 oZn 44 
martensite at 298 K (Nakanishi et al 1971). 


point symmetry, but also a change of the crystal system (if we regard the hexagonal and 
trigonal crystal systems as a single system) (Tol^dano and Tol&lano 1980). 

Ferroic behaviour of crystals encompasses not only ferroelasticity but also other, 
more subtle, types of mechanical properties like ferrobielasticity. Here I shall describe 
the salient features of the formalism of ferroicity, developed over the last decade and a 
half. It will be further argued that the notion of ferrocity also provides a very rational 
and fairly comprehensive description of the occurrence of twinning in crystals. 
Twinning, in its general sense, is a far more common feature of crystals than has been 
realized so far. Ferroelasticity itself is a type of mechanical twinning “with change in 
form” (Klassen-Neklyudova 1964). 


2. Ferroelasticity 

The term “ferroelasticity” has had a number of connotations, all similar, and yet not 
quite the same. It was first used in physical metallurgy by Frank in the early 1950’s to 
describe the “rubber-like” memory effect in the gold-cadmium alloy (see Lieberman 
et al 1975). A piece of Aui.qs Cdo .95 or InH, when deformed severely (with up to 10 % 
strain) at room temperature, exhibits almost complete crystallographic and morpholo¬ 
gical recovery when the external stress is removed. As has been pointed out by 
Lieberman et al (1975), there is a tendency in the literature to use the term 
“ferroelasticity” somewhat indiscriminately in this context. It is important to distin¬ 
guish clearly between two situations for describing this pseudoelastic behaviour, 
depending on whether the deforming stress is applied just above the phase transition 
temperature or at temperatures below Figure 2 depicts the two cases 
schematically. The first case represents “pseudoelasticity by transfomiation”, and the 
second “pseudoelasticity by reorientation” (Warlimont 1976). In the first case the 
crystal is initially in the parent phase and the application of a deforming stress causes a 
reversible stress-induced phase transition. When the stress is removed, all parts of the 
specimen revert to the parent phase. This behaviour is also described as superelasticity 
(Wasilewski 1975; B^ett and Massalski 1980), or martensitic thermoelasticity 
(Lieberman et al 1975). But it must not be called ferroelasticity. Ferroelastic response 
does not involve any phase transition. Pseudoelastic recovery by reorientation, 
depicted on the right in figure 2, does correspond to fenoelasticity (Liberman et al 
1975). The material is already in the lower-temperature, or ferroelastic phase. It is also 
capable of existing in more than one twin state or domain. The rubber-like 
pseudoelastic behaviour results from the reversible migration of the twin boundaries or 
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Figure 2. (a) Pseudoelasticity by transformation (or superelasticity), and (b) pseudoelasticity 
by reorientation (or ferroelasticity). 


domain walls. This property is also referred to as piezomorphic memory by Lieberman et 
al (1975). As we shall see presently, shape recovery or memory is not regarded by 
physicists as an essential feature of ferroelasticity; the shape recovery at temperatures 
below Tc results from a volume-dependent restoring force, which may not always be 
present in a ferroelastic crystal. 

The stress-assisted double phase transition in TiNi also leads to a mechanical 
response which resembles ferroelasticity (Wasilewski 1975). However, in keeping with 
the usage in the rest of physics, the term “ferroelastic” should not be used for those 
switching phenomena which involve a stress-assisted or any other kind of phase 
transition. 

The term “ferroelasticity” was introduced in 1969 (Alefeld et al 1969; Aizu 1969) and 
was used in quite different contexts. Alefeld and coworkers (see Alefeld 1971) were 
dealing with the problem of hydrogen and other point defects in metals like Nb and Pd, 
whereas Aizu viewed ferroelastic behaviour as resulting from the occurrence of domain 
structure (or “orientation states”), taking no note of the presence of any defects in the 
crystal. We first consider the question of hydrogen or other interstitial impurities in 
crystals in brief, followed by an exposition of Aizu’s approach and its subsequent 
development by other workers. 

Hydrogen occupies interstitial sites in metals and causes a displacement of the 
surrounding metal atoms, thus creating local strain fields, as well as a net macroscopic 
strain. Point defects like hydrogen which distort the host lattice are called elastic dipoles 
(see, e.g. Peisl 1978). In general the distortion may be anisotropic and one needs a 
second-rank polar tensor, (sfj), to describe the strain field around a defect. If a uniaxial 
stress is applied to such a system, a stress-induced diffusion of the interstitial defects to 
neighbouring sites occurs, resulting in a reorientation of the anisotropic elastic dipoles 
(figure 3). This time-dependent or anelastic relaxation is known as the Snoek ^ect. 
Obviously, a stress-strain hysteresis loop looking like the ferroelastic curve of figure 1, 
will result from such a process. If the defects are highly mobile, one observes the so- 
called Gorsky relaxation, in which the directed diffusion of the defects over many lattice 
distances occurs under a stress gradient. The strain field created by an elastic ^pole is 
long-ranged and is felt by the other elastic dipoles in the metal. This “elastic interaction” 
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is believed to be largely responsible for the a -> a' phase transition in the H-Nb and 
H-Pd systems (see Wagner 1978). The reason is that Landau’s mean field theory works 
well for this phase transition and it is known that this theory is good for transitions 
driven by long-range interactions. 

Clearly, ferroelastic behaviour resulting from the presence of point defects will 
disappear in the absence of these defects. This is where Aizu’s concept of ferroelasticity 
differs from that of Alefeld et al In the former, ferroelastic properties arise from the 
pseudosymmetry resulting from a (real or hypothetical) structural phase transition, and 
not from the presence of defects. The concept of a prototype symmetry plays a central 
role here. The prototype is the highest supergroup symmetry attainable by, or 
conceivable for, a given crystal without requiring a rupture or reconstructive 
rearrangement of chemical bonds. A ferroelastic phase (more generally, a ferroic phase) 
emerges from the prototype symmetry owing to a small, spontaneous, symmetry¬ 
breaking “distortion” when some control parameter such as the temperature is varied. 
Figure 4 provides an illustration of this, where an orthorhombic symmetry mmm (Dj*) is 
assumed for the prototype. A phase transition to monoclinic symmetry can lead to two 
possible orientation states, Si and S 2 , both of which are equally stable in the absence of 
an external force. Although the actual symmetry of the ferroelastic phase is monoclinic, 
it is also pseudo-orthorhombic because it differs only slightly from the prototype 
configuration. Since the two states Si and S 2 also differ only slightly from each other, it 
should be possible to switch Si to S 2 vice versa by applying a small, suitably 
oriented, uniaxial stress, as shown in the lower part of figure 4 This possibility of the 
occurrence of more than one orientation state, (i.e., the presence of domain structure), is 
what is responsible for ferroelastic behaviour, in particular the stress-strain hysteresis. 
Aizu (1969) defined a ferroelastic as a crystal which has two or more equally stable 



Figure 3. Stress-induced difTusion of an interstitial impurity 
(Snoek effect). 



Figure 4. Schematic of an orthorhombic-to- 
monoclinic ferroelastic phase transition, giving 
two equivalent orientation states Si and S 2 in 
the lower-symmetry phase. 
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(a) 


Figure 5. Dlustrating the distinction made in 
physical metallurgy between (a) ferroplastic 
behaviour and (b) ferroelastic behaviour. The 
curves shown are for the alloy Au 1 .osCdo. 9 s 
(Lieberman et at 1975). 


(b) 


orientation states, and which can be switched from one such state to another by the 
application of a suitable uniaxial stress. Since all the orientation states are equally 
stable, the system may not bounce back to the initial state when the stress is removed. It 
is clear from the above definition that what is called ferroelasticity by Aizu would be 
described as ferroplasticity by physical metallurgists (see Lieberman et al 1975). The 
distinction between ferroelastic and ferroplastic behaviour is illustrated in figure 5 for a 
gold-cadmium alloy. Very often this distinction is not made in physics, because the term 
“ferroelastic” is used to imply “ferromechanical”, in the sense that the driving force 
conjugate to the ‘order parameter’ (strain) is mechanical or elastic in nature (and not 
electric or magnetic). 

Aizu’s definition of ferroelasticity also supersedes the earlier usage of this word in 
physics for describing magnetostrictive and electrostrictive distortions in ferro¬ 
magnetic and ferroelectric crystals. It is possible for a crystal to be ferroelastic without 
also being ferroelectric or ferromagnetic. The present concept of ferroelasticity has led 
to the development of an elegant, symmetry-based, classification of a very large class of 
phase transitions, and we turn now to an outline of this scheme. 


3. A symmetry classification of phase transitions in crystals 

Figure 6 presents a symmetry classification of phase transitions in crystals based on the 
work of various authors (Tol&iano and Tol^dano 1982 and references therein). We 
exclude from this scheme reconstructive phase transitions like the graphite-to-diamond 
transition. We also exclude those martensitic and other phase transitions where the 
lattice distortion is so drastic that it results in a change of coordination number. An 
example of this is the transition occurring in CsCl, where the structure changes from 
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Si02- 622 (C^) *-»32 (Ds) Ba7i03 i MrsOa, Ni'a B? Oi3 I 

Figure 6. A classification of phase transitions based on considerations of symmetry descent 
from a prototype symmetry. 


simple cubic to fee on heating through the phase transition at 733 K, resulting in a 
change of the coordination number from 8 to 6. 

We use the term distortive for the phase transitions considered in figure 6, although 
even this term is not entirely adequate. It is intended to cover both displacive and order- 
disorder phase transitions (Muller 1981). The term “group-subgroup type phase 
transitions” would be perhaps more appropriate if we remember that a group permits 
the trivial possibility of being its own subgroup or supergroup. In this scheme, all 
phases of a crystal are regarded as derived from a certain supergroup symmetry called 
the prototype (Aizu 1981). The prototype is the highest conceivable crystallographic 
symmetry from which a given phase can result by a small distortion. Phase transitions 
in this classification are therefore not always between two consecutive phases, but 
between the prototype and the phase under consideration. All phase transitions in 
crystals can be divided into two categories: isomorphous phase transitions and 
nonisomorphous phase transitions. In the former, there is no change in the space-group 
symmetry of the crystal. A well-known example is the transition occurring in Ce at a 
pressure of 7-7 kbar (0-77 GPa), involving a volume collapse of about 14 %, but leaving 
the space-group symmetry unchanged as Fm3m (OH). The change of space-group 
symmetry at a nonisomorphous phase transition can be of two types: nonferroic and 
ferroic. In a nonferroic phase transition there is a change in only the translational 
symmetry, but no change in the point-group symmetry (Tol6dano and Tol^dano 1982). 
Perhaps the best known example of this type is the order-disorder transition occurring 
in the alloy CuaAu at 667 K, where the symmetry changes from Fm3m (O^) to Pm3m 
(Oj). The high pressure transition occurring in EuS at 215 kbar (21-5 GPa) is another 
example, involving the same symmetry change as Cu 3 Au. Ferroic phase transitions 
involve a change of the point-group symmetry with or without a change of the 
translational symmetry. If there is a change of the point-group symmetry but no change 
of the crystal system (prpvided we do not regard the hexagonal and trigonal crystal 
systems as distinct for the purposes of this definition), the phase transition is defined as 
nortferroelastic (Tol6dano and Tolddano 1976). Examples of nonferroelastic transitions 
include the ferroelectric transition in triglycine sulphate (symmetry changing from 
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2 /m(C 2 *) to 2 (C 2 )), and the transition in quartz (symmetry changing from 
622 (D^) to 32 (^ 3 )). With the above proviso about hexagonal and trigonal crystal 
systems, a change of crystal system becomes a necessary as weU as a sufficient condition 
for a phase transition to be called ferroelastic (Tol&lano and Tol^dano 1980). A 
ferroelastic phase transition may be either purely ferroelastic, as in BiV 04 , or it may be 
simultaneously ferroelectric as in BaTi 03 , or simultaneously ferromagnetic as in 
Mn 304 . The Ni-I boracite undergoes a phase transition which is simultaneously 
ferroelastic, ferroelectric and ferromagnetic. 

I have recently come across a statement by Fleury and Lyons (1981) according to 
which a centre of symmetry is always preserved across a ferroelastic phase transition. 
The rationale behind this statement is not entirely clear; in the cubic-to-tetragonal 
phase transition in BaTiOs, for example, the centre of symmetry is not preserved even 
though the phase transition is ferroelastic; the fact that the order parameter of this 
transition docs not have the symmetry of a strain component does not preclude the 
occurrence of ferroelasticity in the tetragonal and the other lower-symmetry phases of 
BaTi 03 (see also Aizu 1972a). 


4. Ferroic crystals 

A ferroic crystal is one which can undergo a ferroic phase transition. The definition of a 
ferroic transition in terms of a change in the point-group symmetry has a deep 
significance. Among other things, it enables us to classify ferroic crystals in terms of 
their macroscopic physical properties like polarization, strain, etc. The reason for this is 
that these properties are described by the point group symmetry of the crystal, and a 
ferroic phase is derived, by definition, by deleting certain point-group operations of the 
prototype. The lowering of the point symmetry at a ferroic phase transition must 
necessarily be accompanied by the emergence of at least one new macroscopic tensor 
property component. If this component also has the symmetry of the order parameter, 
the corresponding response function becomes anomalously large in the vicinity of the 
transition. This is important in many of the device applications of ferroic crystals. 

Let us imagine a crystal in a particular orientation state 5i, under the infifuence of an 
external electric field (E^), a magnetic field (Hi) and a stress (<Ty). The free energy density 
for this orientation state can be written as 

d® = SdT-PidEi - MidHi - Sy doy, (1) 

where S denotes the entropy. Pi the polarization. Mi the magnetization, and Sy the 
strain. Mi and Sy consist of a spontaneous part (if any) and an induced part owing to 
the presence of the external fields. One can integrate (1) to obtain the free-energy 
density <bi for state Si. Similarly, the free-energy density ^ obtained for another 

orientation state S 2 . The difference A<P = ®2 ®i determines whether the crystal 
makes a state shift from Si to S 2 , or vice versa under the action of the external forces. 
The final expression for A® can be written as follows (see Wadhawan 1982 for details): 

-A<& = AP?Ei + AMfHi + Ae?j(Tij + ^liKijEiEj + ^AXtjHiHj 

+ iAsyju Uij cTju + ActijEiHj -h Adyfc + AQyjt (Tjj^ 

+iAeyfc£iEj£jtH- ... 


( 2 ) 
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Here APf = ■" Pu is the difference between the values of the ith component of the 
spontaneous polarization in the states Sj and . The other difference terms are defined 
similarly. Ktj, Xtj and Siju are, respectively, the elements of the electric susceptibility 
tensor, the magnetic susceptibility tensor, and the compliance tensor. Oy, dy* and Qy* 
are elements of the magnetoelectric, piezoelectric and piezomagnetic tensors respect¬ 
ively, and eijk stands for the components of the third-order electric susceptibility tensor. 
Equation (2) serves to define the various types of ferroic crystals. A ferroelectric crystal 
is defined as one for which at least one pair of orientation states exists such that 
APf ^ 0 for one or more values of i. Similarly, a ferroelastic crystal is one for 
which Aefj ^ 0 for at least one pair of orientation states. A ferromagnetic crystal is 
defined similarly. Ferroelectric, ferroelastic and ferromagnetic crystals are collectively 
called primary ferroics. 

It is clear from (2) that other types of ferroicity are also possible. For example, if 
ASijki 0 for one or more pairs of orientation states, the crystal is said to be a 
ferrobielastic. Quartz is a well-known example of a ferrobielastic crystal. The Dauphin^ 
twins of a-quartz differ in the sign of the elastic compliance coefficient 123 (as well as 
in the signs of other symmetry-related coefficients). Consequently, although the two 
twin states do not differ in spontaneous strain (and therefore quartz is not a 
ferroelastic), a difference in induced strain can be established between them under the 
action of a common uniaxial stress. A suitable stress can then act on this difference to 
cause switching from one twin state to the other. Lead germanate, Pb^GesOn, is 
another crystal which can be expected to exhibit ferrobielastic and ferroelectric 
switching concomitantly. Hence, for applied stresses smaller than the elastic limit, 
crystals may exhibit elastic, ferroelastic and ferrobielastic (figure 7) mechanical 
response, or any combination of these. 

Still other types of ferroic behaviour can be anticipated from (2). Differences in the 
piezoelectric tensor between two orientation states can result in ferroelastoelectric 
switching under the combined action of an electric field and a uniaxial stress. In an 
analogous manner, ferromagnetoelastic switching becomes possible through dif¬ 
ferences in the piezomagnetic tensor, and so on. Ferrobielasdcity (AO ferro- 
bielectridty (AO ferrobimagnetism (AO ferroelastoelectricity 

(AO ~ <j£), ferromagnetoelasticity (AO ~ aH) and ferromagnetoelectricity (AO 
~ HE) are the six types of secondary ferrocity possible in crystals (Aizu 1972a, 1973). 
Aizu (1970) has derived 773 possible ""species” of ferroic crystals (a species is 
characterized by the point symmetry of the prototype and the point symmetry of the 
ferroic phase in question) by assuming that: (a) every time-symmetric point group can 
become the prototypic point group in some species of ferroic crystal; (b) when a 
prototypic point group is specified, every one of its proper subgroups can become the 
ferroic point group in some species with this prototypic point group; and (c) when a 




£ 

Figure 7. Typical curves illustrating 
the distinction between elastic, ferro¬ 
elastic, and ferrobielastic response of 
crystals to external stress. 
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prototypic and a ferroic point group are specified, as many species are possible as the 
number of different ways in which the elements of the ferroic point group can be put in 
correspondence with the elements of the prototypic point group. 


5. Domain structure 

The mechanical behaviour of a ferroelastic is influenced in a crucial way by its domain 
structure. In fact, many of the applications of ferroelastics and other ferroic crystals 
depend on our ability to control the nucleation and mobility of their domain walls. The 
fracture-toughness achieved in zirconia by exploiting the ferroelastic phase transition is 
a case in point. A surprisingly large amount of information about the expected domain 
structure of a crystal can be obtained from symmetry considerations alone. Two or 
more domains or twin configurations become possible in a crystal because of the 
lowering of the prototype symmetry at a real or hypothetical phase transition. Regions 
of the crystal which were completely equivalent under the operations of the prototype 
symmetry group become nonequivalent cither with respect to orientation, or with 
respect to mutual disposition, or both; this is what gives a crystal its domain structure. 

In the spirit of the Landau theory, one holds the emergence of an order parameter 
responsible for the lowering of the prototype symmetry. The symmetry G of the 
daughter phase is determined by the symmetry Gq of the prototype and the symmetry T 
of the order parameter. G can be obtained by the principle of superposition of 
symmetries, commonly known as the Curie principle (see Kopstik 1968). Shubnikov 
and Kopstik (1974) have stated a more updated version of it and called it the Neumann- 
Minnigerode-Curie principle, (nmc) principle. According to the Curie principle: “When 
several different natural phenomena are superimposed on one another, forming a single 
system, their dissymetries add up. As a result, only those elements of symmetry common 
to all the phenomena remain”. If, for example, Gi and G 2 denote the symmetry groups 
corresponding to two physical properties of a crystal, the symmetry G of the crystal 
cannot be higher than the intersection of Gi and Gj. If we consider the symmetry 
groups Gi, i = 1, 2, 3,..., of all possible physical properties of the crystal, the 
symmetry G of the crystal is given by the intersection of all these groups: 

G = G,n GjOGj... (3) 

The more familiar Neumann’s principle follows from the above as an inclusion relation: 

G,=G. (4) 

In other words, the symmetry element (Gj) of any physical property of a crystal include 
all the symmetry elements (G) of the crystal. G is contain^ in every Gii in fact, it is a 
subgroup of every G(. Equations (3) and (4) can be combined (Shubnikov and Kopstik 
1974) to read 

Gi 2 G = G, (5) 

In the context of a phase transition accompanied by the emergence of an order 
parameter having the symmetry group F, it follows that the symmetry group G of the 
resultant phase is given by 

G^GoOr, 


( 6 ) 






742 


V K Wadhawan 


where Gq is the symmetry group of the disordered phase. G is that maximal subgroup of 
Go which leaves the order parameter invariant (Janovec 1972). 

The Curie principle can be applied not only to determine the compatibility or 
incompatibility of G, Go and T, but also to understand inter-domain relationships. 
Suppose a crystal undergoes a phase transition from symmetry Go to G on cooling, (that 
is, under the influence of a scalar control parameter, T)\ it follows that, in the lower- 
temperature phase, the macroscopic symmetry of the sample crystal as a whole would 
be the intersection of Gq and the symmetry group of a scalar. The intersection of these 
two is Go itself. Thus, macroscopically speaking, the crystal as a whole has an average 
symmetry Go even in the daughter phase. But the microscopic symmetry has actually 
been reduced from Gq to G. The two statements, taken together, imply that the crystal 
must split into domains in the lower phase. It also follows that, since the symmetry 
group of each domain is G, transformation operations which can map one domain to 
another are those which are lost at the phase transitions (Janovec 1976). These are called 
<b-operations (Aizu 1974). In partici^, mirror planes of symmetry lost at a phase 
transition can become domain walls separating two contiguous domains of the lower 
phase (Mallard’s law). To quote Shubnikov and Kopstik (1974): “The whole process of 
a phase transition obeys the astonishing law discovered by philosophers— the symmetry 
compensation law: If symmetry is reduced at one structural level, it arises and is 
preserved at another!” 

Let Go and G' denote the point groups of the space groups Gq and G respectively. If 
and /i^ are the orders of the groups Gq and G\ the maximum possible number of 
orientation states or rotational domains possible in the ferroic phase is given by (Aizu 
1970; Janovec 1972) q' = Any operation which is a symmetry operation of Gq, 
but not that of G\ is called an F-operation. An F-operation maps one orientation state 
to another. Choosing a common reference frame for all the orientation states, if G' is the 
point group for a particular orientation state and /is any F-operation from Sj to 

another orientation state Si, the set of all F-operations from Si to Si is equal to JG' 
(Aizu 1970; Janovec 1972). The point group Gq can be split into a sum of q' left cosets of 
the subgroup G': 

Go =/iG'-f/2G'+ . .. +fq,G\ (7) 

Here a cosct/G' comprises all operations mapping the domain Si to the domain 
There is a one-to-one correspondence between domains and left cosets. Extending the 
above considerations from point groups to space groups, if G is a subgroup of Go of 
index Gq can be written as a sum of left cosets as follows 

Go = (f>iG + 02G + ... + <^^G. (8) 

Once again, there is a one-to-one correspondence between a left coset and a possible 
structural configuration called a situation or a terrain (Aizu 1974). The <f)'s are a 
representative set of 4&-operations from a particular situation to each of the q situations. 

A single domain may consist of one or more terrains, but a uniterrain sample is 
necessarily unidomain also. The possible occurrence of more than one terrain in a 
domain is referred to as domain degeneracy (Janovec 1976). It can be determined with 
the help of Hermann s theorem (Hermann 1929), according to which, if G is a subgroup 
of a space group Gq, then one can always find a space group Z which contains G as a 
klassengleiche or equipoint-group subgroup, and which is also a maximal equi- 
translational subgroup of Gq (G Q Z q Gq). The index of Z in Gq is also equal to 
^ The number of terrains (also called translational domains or antiphase 
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domains) possible in each (rotational) domain is given by the index m of G in Z. The 
domain degeneracy is m. It is also equal to the number of times by which the volume of 
the primitive unit cell of the daughter phase is nominally larger than that of the 
primitive cell of the prototype. The totil number of situations, q, is related to the 
number of orientation states, q\ through m: 

q = ^m. (9) 

The fact that ^ is a finite number is a consequence of the discrete nature of 
crystallographic space groups. If the prototype symmetry Gq is described only by a 
continuous symmetry group, the synometry group G of the ordered phase may have an 
infinite index q. In such a case the domain structure is replaced by its dynamical 
counterpart, namely the occurrence of Goldstone modes, which are gapless excitations 
that tend to restore the prototype symmetry (Janovec 1976). 


6. An unsolved problem of ferroelasticity 

The elegant and powerful group-theoretical formalism developed by physicists for 
describing ferroelastic and other forms of ferroic switching in crystals in a unified way is 
not without a flaw. This was first pointed out by Laves (197S) by citing the example of 
mechanical twinning in hep metals like Mg. Such metals have a point-group symmetry 
6 /mmm (Dsh), and apparently undergo ferroelastic switching by shearing along the 
planes {1 0 T 2} in the directions 0 1 1>. This type ofmechanical twinning results 
in a large reorientation (by 84°) of the slip plane (0001), and has a drastic influence on 
the plastic behaviour of these metals (Klassen-Neklyudova 1964). But this apparently 
ferroelastic twinning does not come within Aizu’s formalism because it is not possible 
to conceive a crystallographic prototype symmetry, of which the symmetry 6 /mmm of 
the ferroelastic phase is a subgroup. 

Aizu (1970) gave a precise definition of prototype symmetry by demanding that the 
following two conditions be satisfied: (a) The point-group symmetry of the prototype 
should contain all the F-operations from each of the orientation states of the ferroic to 
all orientation states, (b) If any symmetry Operation of the prototype point group is 
performed on any orientation state, the result must only be one of the possible 
orientation states, and none other. 

The prototype group is also a proper supergroup of the ferroic point group. The 
example of Mg seems to indicate that ferroelasticity can also occur in materials with a 
symmetry such that only a subgroup of this symmetry is a subgroup of the prototype 
symmetry (Laves 197S). If a relaxing of the definition of a prototype is allowed so as to 
accommodate such a possibility, the prototype would not always contain all the 
symmetry elements of the point group of the ferroelastic phase. Such a modification of 
the theory does not look very appealing, particularly because it negates a good deal of 
the elegant description of domain structure of ferroelastic and other ferroic crystals 
(§S). It also goes against the spirit of the Landau theory of phase transitions. No really 
good solution of this problem is available at present. 


7. Twinaing 

Before the development of x-ray crystallography, the classification of twinning in 
crystals was based mainly on morphological studies made by contact goniometry and 
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optical goniometry (Friedel 1926). X-ray diffraction patterns, particularly those 
obtained with Buerger’s precession camera, give us directly a picture of the reciprocal 
lattice of a twinned crystal. This has led to what may be called the second stage in the 
classification of twinning (Donnay and Donnay 1974). All twinned crystals are divided 
into two categories, depending on whether the diffraction pattern reveals a single 
orientation of the reciprocal lattice for the twins (“obliquity” o) = 0 ), or two or more 
orientations with a common origin (a> ^ 0). In the first case one talks of twinning by 
twin-lattice symmetry (tls), and in the second case twinning by twin-lattice quasi¬ 
symmetry (tlqs). a further subdivision of each of these main categories is made in terms 
of the twin index n, defined as the ratio of the volume per node in twin lattice to the 
volume per node in crystal lattice. The twin lattice is the lattice with the smallest cell that 
is common to both members of the pair. The twin lattice is perfectly continuous across 
the twin wall for co = 0, but has a small deviation at the wall when co ^0. Twinning by 
TLS and by tlqs is also called, respectively, “twinning without change of form” and 
“twinning with change of form” (Klassen-Neklyudova 1964). 

This description of twinning concerns itself mainly with geometrical features like 
orientational relationships of the lattices. Although many crystallographers have 
indeed dealt with twinning at the structural level, the descriptive terminology available 
at present does not make evident certain features such as electrical twinning in a 
ferroelectric crystal, or more subtle effects like differences in the piezoelectric tensor in 
the twin structure of a crystal like NH 4 CI. 1 think a stage has now been reached where a 
more comprehensive and informative classification of twinning can be made in terms of 
the ideas of symmetry descent discussed in §§3 and 5. We shall use the word “twinning” 
in a very general sense here, covering all electric, magnetic, elastic or other forms of 
domain structure possible in a crystal. 

Twinning in a crystal implies that the structure can exist in two or more 
configurations that are energetically equivalent, but differ in mutual orientation, or 
mutual disposition, or both. The enthalpy barrier for changing one configuration to the 
other across a twin wall may be either reasonably low (as in Dauphine twins in a- 
quartz), or it may be extremely high, even exceeding the breakdown field or the fracture 
strength (as in Brazil twins in quartz, and also many growth twins). In the former case, 
barring exceptions like magnesium (§ 6 ), an F- or 0-operation derived from an 
appropriately assigned prototype symmetry should always be definable. In the latter 
case, there are. two possibilities: 

(a) The twins across the interface are lawfully related by an F- or O-operation, and the 
enthalpy barrier just happens to be high; (b) a proper F- or O-operation is not definable 
for mapping one twin into the other; this may happen when, for example, the crystal is 
in a prototypic phase, and not a ferroic phase (see Aizu 1981). 

Thus all twinning can be divided into two types (I and II, say). Type I twins are related 
by an F- or O-operation, whereas type 11 twins are not. For type I twins a prototype 
symmetry is always conceivable. In many cases of this type, even if switching from one 
twin to the other is not possible at room temperature, it may become possible at 
temperatures sufficiently close to the transition temperature. In any case, demonstra¬ 
tion of switching is neither a necessary nor a sufficient condition for assigning a twin to 
type I; It is necessary and sufficient that an F- or O-operation, derived from an 
appropriate prototype symmetry, is definable. In this scheme, twinning in magnesium 
will be classified as type II (§ 6 ). A better example of type II twinning is provided by 
Brazil twins in quartz. They are related by a mirror operation, which is not a part of the 
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622 (Dg) of ^-quartz. The symmetry 622 is prototypic for the symmetry 32 
quartz, which can consequently exist in two orientation states related by an 
n that is a two-fold rotation about the optic axis (Wadhawan 1982). These two 
n states are just the Dauphind twins. Unless a prototypic symmetry higher 
:an be conceived for this crystal (which is not possible because that would 
drastic breaking and reassembling of the structure), Brazil twins do not 
domains or terrains in the sense discussed in § 5 . (The concept of the 
has been discussed with great clarity by Aizu 1978, 1981.) . 

31 twins, a nonisomorphous phase transition to the prototypic phase either 
dsts, or can be imagined. In BaTi 03 , for example, the cubic phase is 
: to the tetragonal, trigonal and orthorhombic phases, whereas in 
>4 the hexagonal prototypic phase is hypothetical (Sawada ei al 1976; also 
k 1978). A nonisomorphous phase transition can be either nonferroic or 
ure 6 ). If it is nonferroic, twinning comprises antiphase domains only. About 
5 undergoing nonferroic transitions have been listed by Tolddano and 
(1982). This twinning is obviously of the tls type, and the superlattice 
resulting from it lead to a smaller primitive unit cell in the reciprocal lattice. 

: crystals, twinning can occur either by tls or by tlqs, depending on whether 
transition is nonferroelastic or ferroelastic (figure 6 ). 

^rroelastic twinning 

ill nonferroelastic twinning will be dubbed as just twinning by tls in the 
ne of classification, the advantage of the new scheme suggested here can be 
the fact that many further subdivisions are possible: We can have 
ic twinning (as in tgs, SbSI and LiNbOj), ferrobielastic twinning (as in 
ferroelectrioferrobielastic twinning (as in PbsGeaOn), ferroelastoelectric 
IS in NH 4 CI, CuCsCla and a-quartz), ferromagnetoelastic twinning (as in 
SF 2 and FeCOs), ferromagnetoelectric twinning (as in ^ 203 ), and 
itic twinning (as in Cr 5 (P 04 ) 3 Cl and the mineral elapsolite (K 2 NaAlF 6 )). 
lomains observed in Fe 36 Cr 22 -.jc(Ti, Mo)^^, y-brass, ^-NiMo, lithium ferrite 
) (Amelinckx 1976) also constitute a subclass of nonferroelastic twinning, 
oelastic twinning may indeed occur in ferroelastic crystals, in the so-called 
oelastics, in which some twins are ferroelastically related and some are 
istically related. Examples of the latter are the antiparallel (180°) domains in 
.Ti 03 . A partial ferroelastic is that for which Ae^- = 0 in (2) for at least one 
ot all pairs) of orientation states. 

mely useful tabulation of the “orders” of state shifts in ferroic crystals has 
by Aizu (1972a). The same tabulation can provide a very informative basis 
g the “order” of twinning in a ferroic crystal. For example, ferroelectric 
an be described as “first-order electrical twinning”, and ferrobielastic 
5 “second-order mechanical twinning”. 

ling or zero-obliquity twinning has two subclasses: (i) twinning by merohedry^ 
le twin index n = 1 , and (ii) twinning by reticular merohedry, for which n > 1 . 
:ond case n is usually equal to 3, and very rarely equal to 5 (Donnay and 
74). For purposes of crystal structure determination, twinning by meroh- 
its some special problems. Various procedures have been suggested to 
e (Catti and Ferraris 1976; Rees 1982; Jameson 1982). Both Dauphind and 
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Brazil twinning in a-quartz is described as twinning by merohedry in the old scheme of 
classification (Donnay and Donnay 1974), whereas, in the present scheme, Brazil twins 
are type II twins, while Dauphind twins are type I ferrobielastic-ferroelastoelectric 
twins. 

I 

7.2 Ferroelastic twinning 

This corresponds to twinning by tlqs in the old scheme. Only one further subdivision is 
made in the old classification: The twinning is said to be by pseudomerohedry if n = 1, 
and by reticular pseudomerohedry if n > 1 (Cahn 1954; Donnay and Donnay 1974). In 
the new scheme, the twinning is characterized as purely ferroelastic in Pb3(P04)2 and 
BiV04, ferroelectric-ferroelasticin BaTiOs, ferromagnetic-ferroelastic in Mn304, and 
ferromagnetic-ferroelectric-ferroelastic in Ni3B70i3l. The presence of any antiphase 
domains can also be adequately rationalized in terms of reduction of the translational 
symmetry of the prototype. 


8. Ferroelastic phase transitions 

Ferroelastic phase transitions are characterized by a change of the crystal system, 
subject to the proviso that hexagonal and trigonal crystal systems are not regarded as 
distinct for the purpose of defining ferroelastic transitions (§3). The lattice distortion 
responsible for the change of crystal system is embodied in the spontaneous strain 
accompanying such transitions. 

8.1 Proper ferroelastic transitions 

A further subdivision of these is sometimes made between true^proper and pseudo¬ 
proper ferroelastic transitions. For the former, the strain itself is the primary order 
parameter. For the latter, though the strain e has the same symmetry as the order 
parameter Q, the order parameter is some other primary instability. In LaP50i4, for 
example, the driving force of the transition is an instability with respect to a Raman- 
active optical mode (Errandonea 1980). The strain arises because of a bilinear coupling 
term of the form KiQe. A typical Landau expansion of the free energy density in this 
case can be written as follows (Wadhawan 1982): 

<b = (r-ne" 6* +jeUK,QE. (10) 

The elastic stiffness coefficient goes to zero (that is, the response function correspond¬ 
ing to fi diverges) at the phase transition temperature Tc given by the equation 

T,-r = Kl/aCo. ( 11 ) 

Here T' is the temperature at which the optical soft mode frequency would have gone to 
zero on cooling if the phase transition had not actually occurred at the higher 
temperature T^. The distinction between true-proper and pseudoproper transitions 
disappears as -► 0, In any case most, if not all, proper ferroelastic transitions are of 
the pseudoproper type. Lutffi and Rehwald (1981X who have listed a large number of 
them, make no distinction between the two types. Many other authors follow the same 
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practice. The temperature shift can be as large as 160K in LaP 50 i 4 , and 230K 

in BiV 04 . 

The Landau theory of phase transitions works well for systems for which the range of 
the interaction driving the phase transition is longer than the correlation length 
characterizing the critical fluctuations of the order parameter. The theory therefore 
provides a good description of proper ferroelastic transitions for which the critical 
fluctuations are the acoustic modes (Cowley 1976). (As already stated in §2, the theory 
holds exactly also for the “ferroelastic” phase transitions in hydrogen-metal systems 
(Alefeld and Volkl 1978; Wagner 1978), the elastic interaction mediated via the 
distortion fields around interstitial hydrogen atoms being a long-ranged attractive 
interaction.) 

8.2 Improper ferroelastic transitions 

In these transitions, the spontaneous strain arises only as a secondary effect, through a 
nonlinear coupling with the order parameter. The Landau expansion therefore 
contains a coupling term proportional to erj”, where rj is the order parameter modulus, 
and n is a finite integer called the faintness index (Aizu 1972b, c; Dvorak 1974). The 
spontaneous strain varies as the nth power of the order-parameter modulus, Bq ~ rj”. 
The higher the value of n, the smaller is the spontaneous strain. Since strain is no longer 
the order parameter, the elastic response function does not show very large anomalies 
at the phase transition. Barring a few exceptions, the Landau theory does not, in 
general, provide a good description of this class of ferroelastic phase transitions 
(Wadhawan 1982). 

8.3 Incommensurate phase transitions 

This fundamentally new class of phase transitions (new, that is, for nonmagnetic 
systems) is currently attracting a good dekl of attention (Pynn 1979; Bak 1982). In the 
usual “commensurate” phase transitions, the pattern of static displacements of atoms in 
the lower-synunetry phase can be described by a frozen-in wave of wavevector k, which 
is a rational fraction of a prototype reciprocal-lattice vector r* along the same direction: 

k^inMr*, ( 12 ) 

where Wi = 0, ± 1, ± 2,. .. and ^2 = ± 1, ± 2,.... For example, for a “zone-centre” 
phase transition ni/n 2 = 0, and for a “zone-boundary” phase transition it is equal to 
1/2. In an incommensurate transition, k is an irrational fraction of r*, so that no two 
atoms have the same static displacement. In other words, in the incommensurate phase 
no translational symmetry exists in the direction of k. Therefore, the notion of 
antiphase domains or translational domains discussed in §5 does not apply any more 
for this direction. However, the incommensurate phase still has a well-defined point- 
group symmetry and the concepts of rotational domains or orientation states and of 
F-operations between them are still relevant. 

In incommensurate transitions no finite-order coupling between the order parameter 
and any macroscopic property such as the strain or polarization is possible in the 
Landau expansion (Riste 1978). Ck)nsequently, no spontaneous strain or polarization 
can appear in the incommensurate phase. Such a polarization or strain gets averaged 
out to zero because of the zero-energy phase modulation of the displacement pattern. 
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However, as the temperature of the incommensurate phase is lowered, a point is 
reached where a “lock-in” transition occurs, at which the fraction connecting k to r* 
becomes rational, and a finite-order nonlinear coupling between the order parameter 
and one or more macroscopic properties (each with a definite faintness index) can 
occur. The lock-in transition has been observed to be first-order in all the cases studied 
so far. The mechanical behaviour of a crystal near an incommensurate transition is 
influenced by the effect of the transition on its elastic constants. A number of studies of 
this have already been made, notably by ultrasonic techniques and include the 
following cryslfc.L listed by Luthi and Rehwald (1981): K 2 Se 04 , Rb 2 ZnCl 4 , 
(N(CH 3 ) 4 ) 2 Zna 4 , (NH4)2BeF4 and K 2 PbCu(N 02 ) 6 . 

It is pertinent to mention here a relatively new experimental technique, namely, y-ray 
diffractometry (Schneider 1981) which is particularly well suited for studying 
ferroelastic phase transitions, and especially the critical behaviour of the order 
parameter. Because of the small wavelength involved (A = 0-03 A usually), y-ray 
diffractometry is a forward-scattering experiment (with scattering angles seldom 
exceeding 2°). The change A6 in the Bragg angle is related to the change Ad in the 
interplanar d-spacing by equation 

Ad - — (Ad/d) tan 0. (13) 

As 6 is very small, it follows that changes in the d-spacings have a vanishingly small 
effect on the Bragg peak position, 0. Therefore, any significant shifts of the peak 
position in the “co-scan” normally employed for recording the diffraction pattern c:an be 
attributed almost entirely to a tilting (reorientation) of the concerned lattice planes, 
with a negligible contribution from changes in their d-spacing. This is in marked 
contrast to the situation in conventional x-ray or neutron crystallography where in the 
back-scattering region (0 ^ 90°) normally preferred for lattice-parameter determi¬ 
nation, A0 is extremely sensitive to changes in’ the d-spacing. y-ray diffractometry is 
therefore ideally suited for studying those phase transitions which entail spontaneous 
deformation of the crystal lattice, and the consequent tilting of the lattice planes. This is 
just what happens in ferroelastic phase transitions. The spectral width of the nuclear 
y-rays used is extremely small (AA/A = 10“® for the ^®®Au source); this results in 
excellent angular resolution. A resolution of 1* of arc can be achieved. Further, since 
the y-rays are extremely penetrative, the presence of massive high-pressure cells, or 
elaborate arrangements for achieving a high degree of sample temperature control, do 
not present any serious problems. The technique looks very promising. Its applications 
in this direction have begun only recently (see Bastie and Bornarel 1979; Alkire and 
Yelon 1981). 


9. The shape-memory effect 

The shape-memory effect (sme) in alloys is associated with martensitic phase 
transitions, which are first order, diffusionless, structural phase transitions involving a 
distortion of the cryst^ lattice. Their closeness to ferroelastic phase transitions is 
o vious. The sme {^rtains to the shape recovery of a material on heating to a certain 
temperature, after it has been subjected to a deforming strain of as much as 10% at a 
l^ower temperature. As in pscudoelastic recovery (§2), two situations are possible for the 
one-way sme: by transformation or by reorientation (Warlimont 1976). In the former 
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case, the deforming stress induces a phase transition to the martensitic phase, whereas 
in the latter case the material is already in the martensitic phase and the applied stress 
makes some domains grow at the cost of others. The shape recovery on heating in both 
cases involves a phase transition to the parent phase. 

In a martensitic transition the parent and the martensitic phase coexist over a certain 
range of temperatures. For good shape recovery in the sme, it is necessary that the 
interface between the parent and the martensitic phases be created, annihilated or 
moved in a reversible manner. A number of conditions should be met for this 
(Nakanishi 1975; Wasilewski 1975). For example, plastic flow should not occur during 
deformation. Thus a high yield strength of the initial matrix is required. Also, the 
driving force required for the nucleation and/or growth of martensite plates should be 
low. The dominant term in the free energy barrier opposing the nucleation of 
martensite in the matrix can be written as Ce^, where C is the relevant shear elastic 
constant of the matrix and e„, is the effective martensitic strain. A low value of C would 
be favourable for the stress-induced nucleation of martensite, but it would also imply a 
lower yield strength. The optimization of these two requirements indicates that one 
should apply the deforming stress at a temperature close to Af^, the martensite finish 
temperature (Wasilewski 1975). 

In a proper ferroelastic phase transition, some stiffness constant, or a combination of 
stiffness constants, necessarily tends to zero (§8). The presence of such a transition 
should therefore indicate the possibility of sme in the material (Nakanishi 1975). 

Over the last few years, the Landau theory has been increasingly applied to 
martensitic transitions. The Landau theory was initially formulated for deling with 
second-order phase transitions. Further, a Landau expansion like that of (10) 
presupposes that the order parameter is a slowly varying quantity. Martensitic 
transitions are first-order phase transitions. One has therefore to employ Devonshire’s 
(1954) generalization of the Landau theory to deal with them. Further, a first-order 
transition normally exhibits thermal hysteresis. In the temperature range of the thermal 
hysteresis, the two phases coexist. In addition to this, there also are domain walls 
associated with the domain structure of the daughter phase. At the domain walls and in 
the coexistence range of T, the order parameter changes rapidly. This makes the usual 
Landau expansion of the free energy inadequate, and one must include terms involving 
the derivatives of the order parameter, in the spirit of Ginzburg’s (1955,1960) extension 
of the Landau theory. 

For understanding the sme, one has to deal not only with the effect of temperature on 
the martensitic transition, but also that of stress. In fact, many workers believe that the 
SME is merely one of the manifestations of the effect of stress on a martensitic phase 
transition, the martensitic transition for systems exhibiting the sme being taken as just a 
first-order proper ferroelastiq transition (Wasilewski 1975; Falk 1980). In other words, 
some suitably defined spontaneous strain can be taken as the order parameter of the 
transition. A very simple but fairly universal model Landau expansion of the free 
energy has been proposed by Falk (1980), which explains a large number of features in a 
whole group of alloys exhibiting the sme. Falk’s calculation is the mechanical 
counterpart of Devonshire’s (1954) treatment of first-order proper ferroelectric phase 
transitions driven by the temperature and the electric field. The martensitic alloys 
CuZn, CuAlNi, AgCd, CuAuZn 2 , NiTi and NiAl are treated together in this 
phenomenological theory, ignoring their superlattice structure and the differences in 
the stacking sequence of their close-packed layers. After a suitable rescaling, the 
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following ansatz is made for the free-energy: 

f{e, t) =/o(£) + (t + l/4)e* -eU c®, (14) 

where/, e and t respectively denote the scaled values of the free-energy density, the shear 
strain (the order parameter), and the temperature. Equation (14) is a universal one for a 
large number of shape-memory alloys. The properties of specific materials enter 
through the scaling constants. All mechanical and thermodynamic properties are 
derived from (14). It is remarkable that this simplest of possible models leads to 
qualitative agreement with numerous experiments on shape-memory alloys; the stress- 
strain curves exhibiting elasticity, ferroelasticity and superelasticity in the appropriate 
temperature regions, the mode softening, the shape-memory effect, the occurrence of 
the stress-induced and temperature-induced phase transition, and the latent heat of the 
transition. 

At the next level of complication, the electric field must also be brought in. From the 
point of view of theory, this is naturally a more diflBcult problem, but it also promises to 
present a richer variety of physical behaviour. One does not normally think of studying 
the effect of the electric field in alloys because of their high electrical conductivity. 
Especially interesting in this regard are materials such as plzt and BaTiOa which are 
simultaneously ferroelastic and ferroelectric. The presence of ferroelectricity ensures 
that the spontaneous strain can be manipulated both by a mechanical stress and by an 
electric field. This is also, important in applications of the sme because, by and large, 
electric fields are easier to apply in practice than mechanical stresses of appropriate 
magnitude and frequency. Experimental results on the effect of electric fields on the sme 
are just beginning to come in. Perhaps the first experiment of this type was that on plzt 
ceramics (Wadhawan et al 1981). The composition of plzt, that is (Pb, La) (Zr, Ti) 03 , is 
conveniently specified by the x/y/z notation, where yjz indicates the Zr/Ti ratio, and x 
denotes the atomic percentage of La ions substituted for Pb. The composition x/65/35 
has received a great deal of attention because of its closeness to the morphotropic phase 
boundary (Haertling and Land 1971; Haertling 1971). Its ferroelastic nature was first 
demonstrated by Meitzler and O’Bryan (1971). For x > 4*5, this material possesses a 
property known as penferroelectricity (Meitzler and O’Bryan 1973), or quasiferro- 
electricity (Carl and Geisen 1973). There is a very interesting phase transition, called the 
(X -► j9 transition by Keve and Annis (1973), which is similar in many ways to a 
martensitic phase transition. Whereas above a temperature Tg the material behaves like 
a normal paraelectric, the dielectric behaviour immediately below in the a-phase, 

is not that of a normal fenoelectric. The a-phase is “quasiferroelectric” in which there 
are polar distorted microregions shorter than the wavelength of light. Application of an 
electric field between and a lower temperature Tp changes the microdomains to 
macrodomains, which, however, revert back to randomly distributed microdomains 
(giving a macroscopically nonferroelectric state) when the electric field is switched off. 
The experimentally observed “slim” hysteresis loops constitute evidence in favour of 
this model (Carl and Geisen 1973). When the electric field is applied at a temperature 
below Tp, stable macrodomains indicative of long-range order are induced and the 
material behaves like a normal ferroelectric (as well as a ferroelastic), exhibiting “fat” 
hysteresis loops. Materials showing this type of diffuse phase transition are called 
“relaxor” ferroelectrics (Smolensky 1970). In the temperature range between and Tp, 
microdomains of polar short-range order coexist with the paraelectric matrix, just as 
martensite coexists with the parent matrix over a certain temperature range. 
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The SME in plzt ceramic of composition x/65/35, with 4 < x < 8, was investigated in 
some detail by Kimura et al (1981), and the eifect of an electric field on the sme in 
6-5/65/35 PLZT was studied by Wadhawan et al (1981) by performing very simple 
bending experiments on thin bars of the ceramic. T^e modification introduc^ by the 
electric field on the sme could be interpreted in terms of the above microdomain model. 
In the temperature region in which the microdomains exist, the system is “electrically 
soft”, but not “mechanically soft”, and the load does not produce a large bending. 
However, when the electric field is switched on, it changes the microdomains to 
macrodomains, the material also becomes mechanically soft, and the load produces an 
additional bending. This was only a preliminary experiment. Much more work is 
needed to understand the phenomena involved in detail. Since ferroelectricity and 
ferroelasticity are coupled properties in the case of plzt, it should be possible to 
produce changes in strain, including shape-memory bending, purely by electrical 
means, without the need for any mechanically-produced deformation. Electrically- 
produced SME would present challenging possibilities for both theory and experiment, 
as well as for device applications. 

10. Concluding remarks 

The subject of ferroelasticity has gained maturity being viewed as a part of the much 
larger subject of ferroidty. Much has been learnt or predicted about ferroelasticity by 
analogy with ferroelectricity. It appears that we can improve, considerably, otir 
understanding of the physical basis of mechanical behaviour by drawing analogies with 
electrical phenomena (Alefeld 1971). 

Based on the symmetry classification of phase transitions, a more rational-looking 
classification of twinning in crystals has been attempted. Two broad categories of 
twinning emerge: nonferroelastic and ferroelastic. Although this appears to run parallel 
to the existing division into twinning by merohedry and twinning by pseudo- 
merohedry, the advantage of the new scheme is that many finer features like 
piezoelectric twinning can also be distinguished. 

As was brought out repeatedly, our present description of ferroelasticity is based on 
the concept of symmetry descent and the principle of superposition of symmetries (the 
Curie principle). In fact the Landau theory of phase transitions, which is so effective in 
explaining a large body of experimental facts, is itself based on the Curie principle. The 
Landau theory is being increasingly applied to martensitic phase transitions which have 
a substantial overlap with ferroelastic phase transitions. Although this is a promising 
development, a certain amount of caution is warranted because we are dealing with 
first-order phase transitions, many of them of so drastic a nature that a change of 
coordination number and “internal topology” is involved. In some of these transitions 
there is no group-subgroup relationship between the symmetries of the parent and the 
daughter phases. While the theoretical apparatus for dealing with second-order phase 
transitions is very well-developed, in first-order phase transitions only a beginning has 
been made in some respects (Aizu 1981). 
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Discussion 

G Venkataraman: It is observed that to understand the domain structure, one has to 
use not only the symmetry of the ferroelastic phase, but also that of the parent phase. 
This is similar to what Mermin does when he classifies defects using G, the symmetry of 
the disordered phase, and H, the symmetry of the ordered phase. 

N Kumar: Is ferroelasticity a noncentrosymmelric phenomenon? 

V K Wadhawan: The spontaneous-strain is a second-rank polar tensor. Thus the 
presence or absence of a centre of symmetry does not effect the occurrence of 
ferroelasticity in a crystal. 

N Kumar: Since there was no prototype group for magnesium, can it be ferroic? 

Wadhawan: The synunetry of magneisum does not admit of a crystallographic 
prototype group. Therefore we are not able to assign this crystal a place in the existing 
classification of ferroic crystals. 

N Kumar: In order to have one-to-one correspondence is it necessary to have 
distortion connected with displacement vectors which are not some multiples of lattice 
spacing? 

Wadhawan: We are talking here about the one-way sme and I think the question of 
one-to-one correspondence is more relevant for the two-way sme. 
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Effects of mechanical deformation: Exoemission 
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Abstract. An introduction to some of the physical effects {e.g. exoemission, acoustic 
emission and mechanoluminescence) associated with the mechanical deformation of solids is 
presented. Greater emphasis has been given to exoelectron emissions. Experimental informa¬ 
tion and plausible mechanisms for exoemission have been described briefly. In particular, 
exoelectron emission from metals and oxide-coated metals has been discussed at some length, 
with the hope of generating a common interest among physicists and metallurgists. 

Keywords. Mechanical deformation; stress; defects; dislocations; electron emission. 

1. Introduction 

There exist a number of effects associated with the mechanical deformation of solids. 
One class of effects is the emission of particles (charged and/or neutral), light and 
sound, when a material is undergoing deformation or is subjected to a constant strain 
rate. The emission of particles (in particular, electrons) is called exoelectron emission. 
The emission of light usually occurs in the form of luminescence from those materials 
which contain luminescent sources, and such an effect when induced by mechanical 
deformation is called mechanoluminescence. The emission of sound or stress waves is 
known to occur from a variety of materials, and is usually called acoustic emission. We 
shall describe here, these effects and their understanding at the present time, with 
particular emphasis on exoemission, especially from metals and metal oxides during 
mechanical deformation. We shall see that these effects have some common features, 
require a great deal of future study and promise to be excellent tools for applied 
research (especially for metallurgists) in the field of nondestructive testing. 


2. Exoemission 

The phenomenon of exoemission (ee) was reported quite a long time ago (McLennan 
1902). However, it was mainly after the introduction of the Geiger tube in the 1920’s 
that the effect was truly recognised. Freshly-prepared Geiger tubes gave high and 
irregular counting rates for the first few hours or days, before functioning normally, 
and this led to the discovery that freshly machined metal surfaces emit electrons. This 
phenomenon was first carefully investigated by Kramer (1950) and sometimes referred 
to as the Kramer effect. Kramer himself found that all freshly prepared metal surfaces 
gave off electrons and suggested that the electrons gained the required energy for 
coming out of a metal by acquiring some of the energy released in the exothermal 
processes occurring on the surface. The prefix ‘exo-’ originates from this explanation. 
Although our present understanding indicates that the actual explanation of the 
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phenomenon is not as simple as this, the name has survived. It now appears that ee 
occurs for almost all materials in varying degree. 

2.1 Main features of ee 

The main features of ee occurring in various materials can be summarized as follows: 

(i) The material exhibiting ee must be ‘excited’ externally to produce a perturbation 
in the form of a structural change. The external excitation may be in the form of cold 
working, irradiation by electromagnetic radiation (uv or higher frequencies), particle 
bombardment (a, /J-rays, neutrons, protons, slow electrons, ions), exposure to gases, 
abrasion, mechanical deformation, etc. 

(ii) The effect is strongly correlated with relaxation processes in the material, both 
causally and temporally, and it appears only after the generation of the perturbation. 
The observed time dependence can often be fitted by one or more decaying 
exponentials. The corresponding time constants reflect the presence of one or more 
relaxation processes, which normally depend strongly on the amount and nature of the 
defects in the system. It is this aspect of the ee process that makes it an attractive 
nondestructive technique of characterizing a material for its defect contents. 

(iii) Unlike stationary effects, such as photoemission (pe) and thermionic emission 
(te), ee is a nonstationary process, z.e. the ee flux is of transient character. Further, the 
effect is rather weak compared to pe or te, with a ee flux typically in the range of 
10-^^A/m^ 

(iv) The emission may be spontaneous or may require external stimulation, in 
addition to the external excitation. The stimulation may be in the form of increased 
temperature (thermally-stimulated exoemission (tsee)) or electro-magnetic radiation 
(photo-stimulated exoemission (psee)), usually in the optical range. The ee observed 
without any photostimulation is usually referred to as ‘dark emission*. Normally tsee is 
observed non-isothermally, although it can also be observed isothermally. For psee, it is 
necessary that the photon energy is less than the work function of the material under 
study. Otherwise normal pe will accompany ee making data analysis rather difficult. 
psee can enhance a normal ‘dark ee’ intensity by a factor as large as 10^ or more. Both 
TSEE and psee have been correlated with several other effects, such as thermally 
stimulated luminescence (tsl), electron-stimulated desorption (esd), thermally stimu¬ 
lated conductivity (tsc), thermally stimulated depolarization currents (tsdc), and 
thermally stimulated desorption (tsd), depending on the material studied. 
Observations of these effects enhance the understanding of the ee process and are 
therefore generally desirable. There does not appear to have been any attempt as yet to 
correlate ee with acoustic emission or mechanoluminescence. 

(v) The EE rate is strongly correlated with the work function of the system. This 
correlation is of major relevance for psee as well as tsee, and it is necessary to measure 
the work function simultaneously by an independent method during an ee observation, 
to facilitate understanding of the ee process. 

(vi) The ee effect has two components, one of which is volume dependent and the 
other, surface dependent. For a particular system one or both may occur depending on 
the material and its surface condition as well as its surrounding gas medium. The 
surface effect is strongly related to the surface condition, and in a controlled ee 
experiment it is often desirable to have an ultra-high vacuum (^^ 10“^® Tort) to 
separate the surface effect from the volume effect. It is also desirable to have an 
experimental arrangement for characterizing the surface condition of the sample. 
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(vii) EE emission can occur continuously, or in large bursts, or with the latter 
superimposed over the former. It is usually believed that the continuous emission is 
related to the motion of defects in the sample, whereas the emission in bursts is related 
to the propagation of cracks (or micro-cracks). Thus the nature of the ee may reveal the 
nature of its source. 

2.2 Experimental arrangement 

The apparatus for measuring ee consists of an excitation unit, a stimulation unit and a 
detection unit, attached to an ultrahigh vacuum (uhv) chamber containing the sample. 
It should be equipped with an Auger spectrometer and a quadrupole mass analyzer for 
structural and chemical analysis of the surface of the sample and for the identification 
of the chemical composition of the residual gases in the chamber. A facility for 
measuring the work function (eg., by the Kelvin or Fowler method) is desirable. In 
addition, a leed facility may be used for characterization of the surface structure. A 
quartz window on the chamber will facilitate optical measurements {e.g. luminescence, 
optical absorption, etc.), which often prove valuable for understanding ee. 

An apparatus and the technique for observing tsee has been described by Glaefeke 
(1979). We describe here an apparatus for observing ee or psee (figure 1). This is perhaps 
one of the most sophisticated versions of this type, developed and used by Rosenblum 
et al (1977) for studying ee during the mechanical deformation of a dogbone shaped 
sample (marked S in figure 1) of Al, Ni or Ti, with and without oxidised layers. The 
details of their experimental arrangement are described briefly here. The excitation unit 
consists of an arrangement for producing uniaxial tensile strain at a constant rate. The 
sample placed inside an uhv chamber (part of a leed apparatus) is clamped at both 
ends, with the fixed end attached to a load cell (lc) and the other end attached to a 
pulling rod coupled to a linear variable differential transformer (lvdt) for measuring 
the displacement and thereby the strain rate. Strain at a constant rate is applied at 
intervals, causing ee in bursts. The vacuum chamber (uhvc) is equipped with a ion-gun 
(ig) for in-situ cleaning of the sample surface. No stimulation unit was used by 
Rosenblum et al (1977), although a LiF window (W) is provided for the purpose of 
photostimulation. In such experiments the ee flux is usually weak (lO'*^ —10^ 
particles/sec/m^) and it is desirable to have a single-event charged particle and photon 





Figure 1. Schematic diagram for ee 
apparatus. (Rosenblum et al 1977). 
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detector as part of the detection unit. Rosenblum et al used a channel electron 
multiplier (cem in figure 1 ) with an input cone (for focussing and accelerating the 
emitted particles into cem) with an appropriate shielding and magnetic-discrimination 
scheme (for identifying the charged particles as electrons, or negative or positive ions). 
The shield ensured that the electrostatic field developed between the emitting surface 
and the cone was due to the cem’s biasing potential relative to the specimen rather than 
to the potential across the cem. A retarding potential analyser (rpa) was used for Auger 
and photoelectron spectrometry for studying and characterizing the surface condition 
of the sample. For the detection of photons (presumably arising from the mechanolu- 
minescence effect), a miniature single-photon counter tube (Bendix BX 754) was used in 
place of the (removable) rpa unit. For measuring the energy distribution, an electron 
spectrometer of high resolution (retarding grid potential analyser- rga in figure 1 ) was 
specially designed to suit the way the strain was applied and the ee observed. However, 
the energy in the energy distribution could be measured only with respect to the Fermi 
level of the retarding grid, since the work functions of the oxides were uncertain, 
especially under mechanical strain. Figures 2-5 show the results of ee from Al with an 
oxide (AI 2 O 3 ) layer, observed by Rosenblum et al (1977,1977a). In figure 2, curves 1-3 
correspond to electron emission intensity plotted against strain for samples with oxide 
thickness of 2000 A, 250 A and 50 A respectively; the oxides for 2000 A and 250 A were 
grown anodically while the 50 A thick oxide was grown naturally (i.e., natural air- 
formed oxide). Curve-4 corresponds to negative ion emission from the 2000 A thick 
oxide sample. Curve 5 is the stress-strain curve for the sample. In all cases a constant 
strain rate of e = 2*2 x 10“ sec" ^ was used at an ambient pressure of 10“ Torr. In 
figure 3, curve 1 corresponds to photon emission from the 2000 A thick oxide samfrfe 



Figure 2. Electron emission intensity vs strain; 1. d (oxide thickness) = 2000 A; 
2. d = 250A; 3. d = 50A; Negative ion emission: 4. 4 = 2000 A; stress-strain relation: 
5. Strain rate ^ = 2*2 x lO"** sec“ ^ (Rosenblum et al 1977, 1977a). 
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Figure 3. Photon emission intensity vs strain: 1. e = 2-2 x 10“* sec“‘. Positive ion emis¬ 
sion: 2. £ = 5-3 X 10"^ sec"^ d = 2000 A (Rosenblum et al 1977, 1977a). 



Figure 4. Maximum electron emission intensity vs oxide thickness: 2-2 x sec^^ 

(Rosenblum 1977a). 


for the same strain rate as above, while curve 2 corresponds to positively charged ion 
emission for the same sample at a strain rate of 5*3 x 10“^ sec" ^ The general features 
of the intensity as a function of strain are the same for the emission of electrons, 
positively or negatively charged ions, or photons. Figure 4 shows the peak electron 
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2.3 Mechanism and general understanding 

The mechanisms for ee have always been a subject of controversy, partly because each 
worker or group of workers has tried to explain the experimental results through 
phenomenology suitable for that particular experimental situation (which is not easily 
reproduced), and mainly because of the very complex nature of the ee phenomenon. We 
now describe briefly some of the mechanisms based on observations under specific 
situations (see Glaefeke 1979 for further details). 

2.3a Excitations induced chemically: Spontaneous ee can occur when chemically 
reactive gases interact with initially clean metal surfaces (Bohun 1961; Bohun et al 1965; 
Delchar 1967; McCarrol 1969; Gesell et al 1970; Brus and Comas 1971; Bom and Linke 
1976). The process involved here is adsorption, the subsequent emission occurring from 
the surface. An adsorption process can be either physical (physisorption) or chemical 
(chemisorption) in nature. In physisorption, the adsorption-desorption equilibrium (at 
constant T) is reached without activation. The heat of physisorption is typically of the 
order of OT eV per species, which is too small to trigger ee. In contrast, chemisorption 
requires an activation energy and is preceded by physisorption. The heat of 
chemisorption is of the order of several eV per species, sufficient for ee. Compared to 
physisorption which is reversible and forms multilayers, chemisorption is partially 
irreversible and ceases at monolayer coverage unless the adsorbed species diffuses into 
the bulk of the substrate. Such diffusion does occur in the case of oxidation and growth 
of the oxide layer. The rate of chemisorption may be determined from the chemical 
kinetic rate equation when the chemical reaction velocity is rate-determining, or from 
Pick’s law of diffusion when the diffusion process is rate-limiting. The Ee rate is then 
assumed to be proportional to the rate of chemisorption. Analysis along these lines then 
indicates a maximum in the ee current as a function of time. When more than one 
species is chemisorbed, one would expect a maximum corresponding to each species. 
Thus, the two observed maxima in the ee from clean Mg surfaces exposed (by abrasion) 
to Oj and H 2 O in the dark have been attributed to the two different adsorbing species 
(Gesell et al 1970). It has also been found from a simultaneous measurement of the 
work function that the maximum in the ee corresponds to a minimum in the work 
function 0. Thus, the ee has been attributed to (a) the lowering of the work function 
due to adsorption with a dipole moment of the adsorbed complex favouring emission, 
and (b) transfer of the released heat of chemisorption to generate surface plasmons 
which in turn transfer their energy to electrons causing ee. For Al, a substantial 
decrease in the work function (f) (with the min imum in (j) coinciding with the maYimum 
in dark ee) during adsorption of water has been reported (Bom and Linke 1976, from 
4-5 eV to 1-3 eV; Wortmann 1978). 

Spontaneous ee can also occur during thermally stimulated desorption (tsd) without 
any preliminary excitation, and such tsee is sometimes referred to as self-excited ee 
(Bohun 1961; Krylova 1976; Krylova et al 1976). For e.^., highly hydrated oxides (AI 2 O 3 , 
MgO etc.) and alkali halides (NaCl etc.) show a strong gas desorption accompanied by 
ee (Krylova 1976). It is believed that the active species at the surface recombine with the 
sites which have become vacant through desorption due to thermal stimulation. The 
released recombination energy is then responsible for this tsee (Krylova et al 1976). 

tsee has been observed during heterogeneous catalytic reaction, for example during 
catalytic oxidation of hydrogen and carbon monoxide on NiO, ZnO and platinum 
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black (Krylova 1976). Since both tsee and catalysis depend on chemical thermody¬ 
namics, a relationship between the two is to be expected. Indeed, a reproducible linear 
relation between the two has been demonstrated for catalytic oxidation (Krylova 1976). 

2.3b Excitation by uv and x-rays: Some alkali halides (especially those with small 
electron aflSnity at the surface, chlorides and fluorides), during exposure to uv light, 

exhibit PSEE when photostimulated with an additional uv light source, tsee may be 
observed during thermal annealing. The mechanism for ee is believed to be a two-step 
photothermal process involving colour centres generated by the exciting uv light. The 
first step is the optical transition from the colour centre to the conduction band, and the 
second step is the thermionic emission from the conduction band to vacuum. The 
stimulation spectra (i.e., psee as a function of the stimulating wavelength) have been 
studied extensively and found to give information about the colour centres similar to 
that yielded by their optical absorption spectra (Ford et al 1970; Bichevin et al 1971; 
Nink and Holzapfel 1973; Maiste et al 1973; Kortov et al 1982; Tale et al 1982). 

tsee has been reported after excitation with x-rays, and a correlation between tsl and 
tsee established (Hol 2 apfel and Krystek 1976). tsee from oxides irradiated with x-rays 
has also been investigated (Rudolf and Glaefeke 1982). In most cases, a direct liberation 
of electrons from traps (produced by irradiation) is assumed to explain the ee. 

2.3c Excitation by electrons: ee has been observed from materials during exposure to 
electron beams. However, this occurs only for insulators. So far, atomically clean metal 
surfaces have not exhibited ee on irradiation, and the presence of oxide or adsorbed 
species seems to be absolutely essential for ee observation here. This seems to be true 
also for semiconductors. The ee behaviour is strongly dependent on the energy of the 
exciting electron beam. For low energy electrons (0.2 to 30 eV) the adsorbed species on 
the surface and the surface states are affected and here ee is essentially a surface 
phenomenon. These ee spectra are similar to the uv-excited spectra, and electron- 
stimulated desorption (esd) can occur, esd can influence tsee spectra appreciably. 
Concepts involving chemical reactions at the surface are utilized to correlate the two 
(Jakowski and Glaefeke 1976; Euler and Scharmann 1976; Bninsmann and Scharmann 
1977; Kirihata and Akutsu 1979). For moderate energy electrons (several hundred to 
several thousand eV), volume states are excited, generating a complicated space charge 
inside the insulator. This in turn produces a positive-negative double layer whose 
electric field (as large as 10® V cm" ^)causes ee (Fitting et al 1979; Fitting 1981). Systems 
studied, among others, are AI 2 O 3 (Krylova 1971; Schlenk 1976; Chrysson and 
Holzapfel 1980). ZnO (Krylova 1971; Hiernaut et al 1972; Kriegseis and &harmann 
1975), NiO (Krylova 1971; Hiernaut et al 1972), SiOj (Krylova 1971; Jakowski and 
Glaefeke 1976), BeO (Euler and Scharmann 1976; Scharmann and Wiessler 1980) and 
NaF (Brunsmann and Scharmann 1977), 

2.3d Excitation by nuclear radiation: Reproducible ee has been observed from a 
number of substances using nuclear radiation as the source of excitation. Among the 
substances studied are alkali halides, alkaline-earth halides, sulphates, sulphides and a 
number of metal oxides, tsee from BeO and LiF have been studied extensively because 
of their dosimetric applications (see Glaefeke 1979 for details). Simultaneous 
nieasurement of tsl and tsee from the same emitter can discriminate between those 
types of radiation which cause bulk effects (tsl) and those causing surface effects (tsee). 
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For example, both a- and soft jS-irradiation yield high tsee intensity (since the total 
energy is absorbed near the surface) but rather weak tsl, in BeO. On the other hand, y 
irradiation causes very weak tsee but a very strong tsl. Thus, tsee and tsl from BeO 
can distinguish between a (or soft fi) and y doses. Fast neutrons can cause ee via recoil 
protons or a radiation, and the corresponding tsee may be separated from the y-ray 
tsee by a subtraction procedure to determine the fast neutron dosage. BeO dosimeters 
based on these properties may have a dose response range from as low as 10"® rad to 
10^ rad. Compared to conventional dosimeters, however, a TSEE-based dosimeter has 
some technical shortcomings, such as a strong dependence of the tsee on the 
mechanical treatment and the ambient atmosphere of the detecting material. This may 
be responsible for its lack of commercial usage. 

2.3e Excitations through direct structural change: ee has been observed from a 
number of materials in which excitation is brought about by direct structural changes. 
Such changes can be induced by external application of stress, or by generating stress 
internally through heat treatment of the material, 

EE has been observed from metals with atomically clean surfaces in ultrahigh 
vacuum. Kortov et al (1971) observed ee during plastic deformation of Al. Mints et al 
(1973) tried to correlate ee with the process of recovery and recrystallization of metals. 
Mechanical deformation generates a high concentration of defects (vacancies and 
dislocations). The relaxation of the stress is accompanied by the diffusion of vacancies 
towards the surface and the recovery of dislocations. These defects can rearrange 
themselves exothermally, and the localized release of thermal energy may be taken up 
by electrons. However, emission of these electrons would require a substantial lowering 
of the work function (j), which is believed to be due to high roughness on a clean metal 
surface (Lewis 1954; Rhead 1977). Pardee and Buck (1977) and Buck et al (1977) 
considered the roughness-enhanced coupling of incident light with surface plasmons 
(which can transfer their energy to electrons) to explain psee. 

EE from oxide covered metals has been observed both in the dark as well as with 
photostimulation during mechanical deformation. Since most metals in practical 
situations are oxidised at the surface, these ee observations are of considerable applied 
interest. The dark emission under uhv has been observed only during mechanical 
deformation or abrasion of oxide covered metals (Gieroszynski and Sujak 1965; Sujak 
et al 1965; Brotzen 1967; Sujak and Gieroszynski 1970; Linke 1970; Kortov et al 1970; 
Amott and Ramsey 1971; Kortov and Myasnikov 1972; Kelly and Himmel 1976; 
Rosenblum et al 1977, 1977a). Photostimulated emission during abrasion or plastic 
deformation of oxide-coated metals can be very large as compared to the dark emission 
(by a factor of 10 ^ or more) and a number of oxidised metals have been investigated 
exploiting this fact (Grunberg 1958; Von Voss and Brotzen 1959; Pimbley and Francis 
1961; Mueller and Pontinen 1964; Clay tor and Brotzen 1965; Gieroszynski and Sujak 
1965; Sujak et al 1965; Sujak and Gieroszynski 1970; Baxter 1973; Shorshorov et al 
1976; Baxter and Rouze 1978; Wortmann 1978; Dickinson et al 1978; Komai 1978). 
Among various oxide coated materials {eg., Al, Ni, Steel, Ti, Mo, etc.), the most widely 
studied one is AI 2 O 3 -coated Al. Qualitatively the same emission behaviour has been 
observed when the oxide covered metal is mechanically abraded or plastically deformed 
under tension. In the case of tensile strain, dark emission occurs only during a change in 
the strain and ceases abruptly when the deformation stops. Similarly, when photo- 
stimulated, considerable enhancement in electron emission occurs only during constant 
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strain rate, the emission being regarded as burst emission, even though a continuous 
component (much smaller in magnitude) may be present In case of burst emission, 
typically, for a constant strain rate, the emission increases to a maxim um followed by a 
monotonic decrease with increasing deformation or strain (see figure 2). The emission 
depends on the strain rate as well as the oxide thickness (see figure 4). The burst 
emission has been associated with the propagation of cracks or micro-cracks. PSEsfrom 
thick oxide layers has been attributed to the propagation of cracks perpendicular to the 
stress direction, independently of the underlying micro-structure of the metal. In thin 
oxide layers, it has been attributed to fracture at slip steps (Baxter and Rouze 1978). 

The continuous ee is believed to arise from two components, one controlled by the 
diffusion of point defects (generated by strain) towards the surface, and the other 
controlled by the relaxation of dislocations. One may dominate over the other, or both 
may be present. For example, Pimbley and Francis (1961) could explain ee from 
abraded oxidised A1 through a model based on the diffusion of vacancies, while Clay tor 
and Brotzen (1965) explained ee from mechanically deformed oxidised A1 in terms of 
the diffusion of other point defects. On the other hand, Mueller and Pontinen (1964) 
studied ee from freshly abraded as well as from abraded and aged samples of oxidised 
A1 and concluded against the defect diffusion mechanism. However, Shorshorov et al 
(1976) could correlate psee during plastic deformation with the generation of 
dislocations as well as vacancies by simultaneously studying the behaviour of these 
defects (using metallographic methods). They found no diffusion of vacancies but 
found relaxation of dislocations in molybdenum, while both phenomena occurred in a- 
iron. 

The burst emission, especially in dark, is supposed to originate from cracks or 
microcracks which develop in the oxide as soon as the local surface strain in the 
underlying metal substrate exceeds the ultimate tensile strain of the oxide layer (Sujak 
1964). Originally it was believed that the opposing surfaces of a propagating fissure 
(microcrack) bewme charged, providing a strong electric field that causes field emission 
(Gieroszynski and Sujak 1965). This so-called electrified-fissure model for ee was 
reinvestigated by Amott and Ramsey (1971) who restricted its applicability to polar 
substances. For non-polar substances, they proposed to interpret ee in terms of 
rearrangement of dangling bonds created during the propagation of cracks. 
Rabinowicz (1977) has elucidated this model, but also questioned its feasibility. 
Rosenblum et al (1977a) believe that the release of strain energy in the vicinity {e.g. the 
tip) of a propagating crack results in local heating to a temperature (estimated to be 

3000 K for Al) sufficient to cause thermionic emission from the walls. However, they 
also observed emission of positive and negative ions, which indicates that field-assisted 
emission of electrons cannot be ruled out. 

EE during heat treatment of materials (without external excitation) arises from the 
internal mechanical stress generated thermally due to the process of phase transform¬ 
ation. Thus EE has been observed during changes of the state of aggregation or 
modification (first order phase changes, e.g., transition from the hexagonal to the cubic 
form in thallium, change or modification of hexagonal chromium and selenium, 
melting of ice, lead, tin, etc.) and during changes of orientation (second order phase 
changes, e.g., the antifierromagnetic-paramagnetic transition in Ni-l-NiO and Cr 
-I- 0203 ). The EE intensity is regarded as proportional to the defect content and a 
measure of the degree of completion of the phase change. The mechanism is believed to 
be the same as that for stress-induced ee. The emission has also been observed during 
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second-order phase changes in crystalline pyroelectrics (e.g., lithium niobate, BeO), 
where the mechanism is regarded as a thermally stimulated field effect (see Glaefeke 
1979 for further details). 

2.4 Theoretical models for ee 

It is clear from the preceding description that ee is a rather complex phenomenon 
involving several intermediate steps, depending on the type of material and the actual 
experimental condition. However, there appear to be three broad steps in the electron 
emission mechanism: (i) External excitation generates defects and the relaxation of the 
response to the excitation is associated with the motion or relaxation of these defects, 
(ii) The defects transfer their energy either directly or via some other agent (e,g., surface 
plasmons in metals, and possibly phonons) to the electrons by the process of 
annihilation, or rearrangement, or by chemical reactions (at ther surface), (iii) Electrons 
gaining this energy escape the material in the form of ee when their energy exceeds the 
work function or the electron affinity, or when an electric field (in electrified fissures) 
assists the emission. The controlling factors here (e.g. work function, etc.) may 
themselves depend on the nature of the excitation and on the experimental conditions. 

Glaefeke (1979) has discussed various theoretical models for the last two steps, 
especially for dielectrics. Following Kelly (1972), he has described the thermdonic 
emission model, in which the electron concentration is determined by reaction kinetics 
controlled by the concentration of defects (electron traps) and the retrapping- 
recombination processes for electrons. The theory has been applied to tsee with some 
success. A field-assisted emission model has been developed for space-charge- 
controlled EE from highly insulating materials (excitation induced by electron 
bombardment) with the transport and escape of electrons determined by a Monte- 
Carld process. The model can explain the intensity, energy and angular distribution of 
EE, for example in BeO (Kortov and Zolnikov 1975; Fitting et al 1979). 

In EE from metals with or without an oxide layer, most of the theoretical work has 
been devoted to step one. Early studies on ee were on the diffusion of vacancies or point 
defects towards the surface. The rate of arrival of the defects at the surface was 
determined by Pick’s law. This was then assumed to be proportional to the rate at which 
the electron emitting centres were activated and thereby to the electron emission rate 
(Grunberg and Wright 1955; von Voss and Brotzen 1959; Pimbley and Francis 1961; 
Claytor and Brotzen 1965). More recently Nagomykh and Demin (1978) have 
incorporated into the diffusion equation the generation of vacancies during the 
straining of oxide coated metals. The diffusion of point defects from the metal into the 
oxide was matched by the diffusion of oxygen in the opposite direction. The formation 
of a filled electron trap (F-centre type) at the oxygen vacancy in the oxide was assumed. 
The electron emission rate was determined from the reaction kinetics involving thermal 
ionization of traps and recapture of electrons by the traps. The model was applied to ee 
from oxidised Al with some success. 

The model for ee in bursts is based on crack propagation, and is more phenomenolo¬ 
gical than the model described above (Amott and Ramsey 1971; Rosenblum et al 
1977a). These however apply specifically to oxide coated metals. For surface-controlled 
ee, models based on chemisorption and Auger transitions have been evolved (Kasemo 
et al 1979). Models based on the stress dependence of thermionic emission have also 
been considered (Tinder 1968). 
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3. Acoustic emission 

By acoustic emission (ae) one means the generation of stress waves during structural 
changes in a material. These may be generated internally {eg., during phase transitions) 
or by an externally applied stress. The phenomenon is known to occur for almost all 
kinds of materials, and has been called by different names in different fields of research; 
for example, it is referred to as ‘seismoacoustic activity’ when observed in rocks under 
stress. AE usually refers to all kinds of stress waves even though the emitted frequencies 
may be far above the audible range. Extensive work has been done in this field, although 
to a somewhat applied nature (especially in relation to seismic studies of rocks), and 
some excellent review articles are available (Green 1969; Liptai etal 1911; Dunegan and 
Tatro 1971; Lord 1975). A brief description of the relevant parts of the subject follows: 

The first systematic study of ae was by Kaiser in the 1950’s, on polycrystalline zinc, 
steel, aluminium, copper and lead. He observed that ae was irreversible, i.e., emission 
did not occur during reloading of a material until the stress exceeded its previous 
value—a phenomenon usually known as the ‘Kaiser effect’. This memory effect applies 
to most metals but generally not to other materials. In 1961 Schofield reported ae from 
aluminium and zinc single crystals, commercial copper, aluminium, lead and 70-30 
brass, and established correlation with dislocations, slips and grain boundary motion. 
Tatro and Liptai (1962) studied ae from polycrystalline aluminium and steel for various 
strain values, and from the observed dependence on the surface condition of the 
specimen, concluded that ae was a surface phenomenon. Later Schofield studied ae 
from aluminium single crystals, with and without the oxide layer, and found the surface 
condition to be of secondary importance except for influencing the strain locally at the 
point where ae commenced in a burst. It was found that the oxide coating was not a 
source of ae. Further work by Schofield has established ae as primarily a volume effect. 
The general features of ae derived from the work of several persons can be summarized 
as follows (Lord 1975). 

AE ocicurs in two forms: continuously, and in bursts. Continuous emissions of rather 
high frequency (;^ 10^ kHz) and very low intensity usually occur in metals Emd metallic 
systems, and supposedly arise from mobile dislocations and possibly slip movements. 
Burst emissions occur with much higher intensity and are supposedly associated with 
failures such as twinning, microcracks, unpinning of dislocations from obstacles, and 
growth of already existing cracks; they occur at relatively large values of the plastic 
strain. 

Figure 7 shows a typical experimental ae rate as a function of the tensile strain 
(Dunegan and Harris 1969). This particular result is remarkable in that it fits beautifully 
with Gilman’s mobile dislocation model (Gilman 1966) which gives the mobile 
dislocation density iV„ as a function of the plastic strain Bp through the relation 
= ntBp exp( — ^Bp), where m is the dislocation breeding factor, and 4> = Hfa, where 
H is the hardening coefficient, and a is the rms stress. The fit is shown in the dashed 
curve in figure 7 with m = 1-44 x 10^ and 0 = 70 (Lord 1975). This shows that the ae 
rate is directly related to the mobile dislocation density, so that one may contemplate 
determining H, an important mechanical parameter, using the ae technique. 
Unfortunately such a fit of Gilman’s formula does not work for many materials. This 
has been attributed to the inhomogeneity in the strain caused by the occurrence of 
Liider’s bands. 

At present there does not seem to be any rigorous microscopic theory for the actual 
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Figure 7. Acoustic emission intensity vs strain: 1. experimental; dashed curve. Gilman’s 
relation. Stress vs strain: 2. (see Lord Jr 1975). 


internal mechanism of ae. The major thrust in this area is in the direction of applied 
research, of establishing empirical relationships between ae and mechanical parameters 
(Lord 1975). Further, there has been no attempt to correlate ae with ee, although the 
typidal emission intensity vs strain curves for A1 are remarkably similar (compare 
figures 2 and 7). 

4. MechaDoluminescence 

Some materials emit light when subject to stress beyond a particular level. This 
phenomenon is broadly called mechanoluminescence (ml) or triboluminescence. (ml is 
preferred, to avoid confusion with thermoluminescence which is customarily denoted 
by tl). Extensive research has been done in this field on a very large number of 
materials, and the subject has been reviewed by a number of authors (Meyer et al 1970; 
Walton 1977; Zink 1978). Only a brief account of the relevant aspects is given here. 

The most widely-studied materials are the alkali halides where the electron traps are 
the source of luminescence, ml spectra are similar to the tl spectra of a given material. 
Belyaev et al (1963) observed ml spectra during the growth of cracks in alkali halides 
under uniaxial strain, with photon emission in bursts, indicating that ml is associated 
with crack propagation, ml during fracture can be a hundred times more intense than 
TL, the concept of electrified fissures has been used to explain this (Belyaev et al 1966; 
Belyaev and Martyshev 1969). Observations on ml during abrasion or scratching of 
alkali halides have been correlated with the propagation of cracks and tl (estimated 
temperatures as high as 10"^ K) at the crack-tip (Meyer et al 1970). ml emission has been 
found to have a memory (analogous to the Kaiser effect) in activated alkali halides and 
ZnS. In experiments where the strain is repeated, no emission is observed in the elastic 
or plastic regions; and for a second application of strain, not until its magnitude exceeds 
that of the previously applied strain. This indicates that the ml intensity depends on the 
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depinning of dislocations under stress (Alzetta et al 1970; Scarmozzino 1971). 
Simultaneous ml and ae have been observed during mechanical deformation of organic 
glasses, steel and copper plates, indicating a common origin (Sodomka et al 1980). ml 
during the deformation and fracture of metallic alloys has also been reported (Borisova 
et al 1975). Molotskii (1978) observed ml during the plastic deformation and fracture of 
copper. Zink and his coworkers have observed ml in many organic and inorganic 
crystals (Zink 1978; Chandra and Zink 1980). In many cases, explanations on the basis 
of piezo-electrification, cleavage electrification and triboelectrification, have been given 
(Meyer et al 1970; Walton 1977; Chandra 1981). 

Intense ml has been observed from coloured alkali halides (coloured by x- or y-ray 
irradiation) by a number of workers. The emission is thought to be a result of the 
interaction of dislocations with colour centres (Butler 1966; Shmurak 1969; Alzetta et al 
1970; Guerrero and Alvarez-Rivas 1978; Chandra and Zink 1980). Recently ml 
emission during the application as well as the release of uniaxial compression in x-ray 
irradiated alkali halides have been reported by Chandra and Elyas (1978). They have 
also studied y-irradiated alkali halides and ml emission from coloured alkali halides 
under repeated stress, and established a linear relationship between the ml intensity and 
the measured density of newly-created dislocations at the end of repeated-stress cycles 
(Elyas 1981). At present a proper theoretical understanding of ml emission, particularly 
from materials containing active luminescence centres, is still lacking, although some 
theoretical attempts have been made to understand ml in terms of electric field and 
pressure effects (Lin et al 1980). Studies correlating ml with ee or ae also seem to be 
inadequate. 

5. Conclusions 

We have tried to present an introduction to the subject of some special physical effects, 
especially exoelectron emission, in the context of the mechanical deformation of solids. 
For a better understanding of the exoelectron process, we have also discussed possible 
mechanisms for ee and two other related phenomena, ae and ml. While a number of 
possibly important references may have been inadvertently omitted, it is hoped that this 
article is sufficiently self-contained to generate interest in studying eb in a systematic 
manner. It can be safely said that, at present, a concrete theory of ee is lacking. Further, 
extensive, experimental study is required for understanding and correlating ee with ae 
and ml. For example, one should study more carefully the role of the work function, 
dislocations (the applicability of Gilman’s theory or modification thereof), the 
mechanism of energy transfer to electrons, and the escape of electrons from metals and 
oxide-coated metals. On the applications side, one ought to study more extensively the 
growth of microcracks using spot scanners (psee, as in Baxter 1973) and establish 
empirical relationships with mechanical parameters in the same manner as has been 
done for acoustic emission studies. 

Further references on ee are: Scharmann (1967), Becker (1972), Ramsey (1976), 
Krylova (1976) and Glaefeke (1979). 
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Discussion 

M YussoufF: Has the velocity distribution of the emitted electrons been measured? 
G Mukhopadhyay: Yes, it has, in some cases. 

R Chidambaram: How does thermoluminiscence dosimetry compare with 
exoemission? 

Mukhopadhyay: I am sorry, I can’t give you a precise answer. 

R Krishnan: If there are two or more processes of exoemission occurring simul¬ 
taneously, can one separate one from the other? 

Mukhopadhyay: Only by doing additional experiments. 

G Venkataraman: Would the exoemission rate depend on the type of defect migrating 
to the surface? 

Mukhopadhyay: Yes, it would—^particularly the temperature dependence, because 
activation is involved. 

C K Majumdar: How long before the actual crack occurs can one detect anything by 
the techniques you have described? 

Mukhopadhyay: This depends on the material In fatigue cycling with a large stress 
amplitude, very early detection is possible (at 07 % of failure). 

P Rodriguez: Is the exoemission phenomenon more amenable to measurement in 
fatigue cycling than in a uniaxial tensile test? 

Mukhopadhyay: Not necessarily, but I think this depends on the experimentalist. 
M YussoufF: Is exoemission a field emission process? 

Mukhopadhyay: No, because the actual explanation depends on the type of sample 
and environment involved. 
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Relevance of liquid state to solid state properties* 
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Abstract. We outline in this talk the beginning of a new programme to study physical 
properties of crystalline solids. It is based on considering the latter, a broken symmetry phase, 
in terms of the higher S 3 anmetiy liquid phase. The solid is a calculable perturbation on the fluid. 
This is exactly opposite to the standard approach which relates mechanical properties to the 
behaviour of defects (mainly dislocations) etc., in an otherwise perfect crystalline solid. 
However, most other broken symmetry phases (e.g. ferromagnets) are discussed starting from 
a symmetric Hamiltonian or a free energy functional, and earlier work by one of the authors 
shows that the liquid-solid transition is well described, qualitatively and quantitatively, by this 
approach. On the other hand, defect theories of melting have a long record of nonsuccess. In 
the first part of the talk, the density wave theory of freezing will be outlined, and it will be 
shown how properties such as Debye Waller factor, entropy change of freezing etc. can be 
calculated with no or one free parameter. The problem of calculating shear elastic constants 
and dislocation core structures as well as energies in terms only of observable liquid state 
properties will be set up, and results presented. The method will be contrasted with zero 
temperature 'atomistic* models which obscure the essential dependence on structure and 
flounder in amass of detail. The concluding part will describe further proposed applications, 
some suggestive experimental results extant id the literature, and some speculations. 


Discussion 

G Venkataraman: Is something like the Josephson effect possible in this case of change 
of phase associated with ballistic motion or diffusion? 

T V Ramakrishnan: This is a hard question to answer. 

V Balakrishnan: What stabilizes the system against other possible How does the 
system choose, say, between the fee and bee structures? 

Ramakrishnan: We examine the stability of the fluid with respect to a given structure. 

V Balakrishnan: What is it in the system that kills fluctuations with other wavevectors? 

Ramakrishnan: The correlation function S(q) is strongly peaked at a particular q. Thus 
the energy to excite this mode is far less than that for any other mode. 

G Ananthakrishna: How does one measure the three-point correlation? 

Ramakrishnan: This can be estimated either by computer simulation or by doing light 
scattering experiments on colloidal crystals. 

G Srinivasan: Could one find the pressure dependence of the two-point correlation? 
Ramakrishnan: This does not give the quantity required here. 


* Only a summary is presented. 


773 


774 H R Krishna Murthy and T V Ramakrishnan 

K R Rao: Is it necessary that the three-point correlation measurement be done in solid 
state? 

Ramakrishnan: No. A “combination” scattering experiment has to be done in the 
liquid state for infonnation in the short-range region. 

K R Rao: What is the difficulty in predicting the melting temperature? 

Ramakrishnan: The difficulty is that and Cq are dimensionless quantities. 

S Ranganathan; Can your theory take into account the liquid-glass transition? 

Ramakrish nan: No. We are very far from it. 

D Dhar: How is the effective potential you use related to the effective potential used in 
cell theories of melting? 

Ramakrishnan: The two are not related to each other. 

S R Shenoy: Can one use your theory to handle a crystal with frozen-in defects? 

Ramakrishnan: Perhaps one could, depending on how perfect these crystallites are and 
also on how rapidly the phase changes. 

R Chidambaram: Where is the entropy of melting in this model? 

Ramakrishnan: We calculate the entropy of melting from the known thermodynamic 
functions. 

G Ananthakrishna: How do you describe dislocations and vacancies in your model? 

Ramakrishnan : I don’t know how to describe vacancies, but dislocations can be 
described in a manner similar to vortices in a superconductor. 



Bull. Mater. Sci., Vol. 6, No. 4, September 1984, pp. 775-798. © Printed in India. 


Elastic continuum theories of lattice defects: a review 

DEBENDRANATH SAHOO 

Materials Science Laboratory, Reactor Research Centre, Kalpakkam 603102, India 

Abstract. The presently available elastic continuum theories of lattice defects are reviewed. 
After introducing a few elementary concepts and the basic equations of elasticity the Eshelby's 
theory of misfitting inclusions and inhomogeneities is outlined. Kov^cs’ result that any lattice 
defect can be described by a surface distribution of elastic dipoles is describe. The 
generalization of the isotropic continuum approach to anisotropic models and to Eringen’s 
isotropic but non-local model is discussed, loner's theroy (where a defect is viewed as a lack 
of strain compatibility in the medium) and the elastic field equations (formulated in a way 
analogous to Maxwell's field equations of magnetostatics) are described. Th^ concept of the 
dislocation density tensor is introduced and the utility of higher-order dislocation density 
correlation tensors is discussed. The beautiful theory of the affine differential geometry of 
stationary lattice defects developed by Kondo and Krdner is outlined. Kosevich’s attempt to 
include dynamics in the elastic field equations is described. Wadati's quantum field theory of 
extended objects is mentioned qualitatively. Some potential areas of research are 
identified. 

Keywords. Elastic continuum theory; lattice defects; inbomogeneities; dislocations; discli- 
nations; dislocation density tensor; torsion tensor; curvature tensor; dislocation density 
correlations; elastic field equations; nonlocal elasticity. 


1. Introduction 

This paper is intended to survey the elastic continuum theories of lattice defects. The 
understanding of the behaviour of crystal defects is essential for studying such 
processes as anelasticity, plastic flow, rupture, fatigue and radiation damage, which 
play a crucial role in materials science. The lattice distortion produced by a defect can be 
calculated by using elastic models at sufficiendy large distances from the defect. In 
many applications, a continuum theory offers precise analytic expressions for the stress 
fields of defects, their interaction energies, etc., and hence is of immense practical value. 
In contrast to this, a discrete atomistic approach (which is unavoidable at short 
distances from the defects) does not offer analytically convenient working relations, 
although it yields reliable numerical data. 

At present there is no xmified theory of defects in continuous media. Most theories 
are developed with a particular type of defect in view. Thus the methods applicable to 
point defects are different from those applicable to line defects—for dislocations, see 
e.g., de Wit (1960), Nabarro (1967), Mura (1968); for volume defects (inclusions), see 
Eshelby (1957). Moreover, almost all theories are restricted to static defect problems. 
The dynamical theory of defects in continua is still in its infancy. This review presents a 
bird’s eyeview of the various approaches to defects in a continuous medium. 
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2. Continuum modelling of defects 

In the clastic continuum theory, defects are modelled following the procedure given by 
(See e.g. Eshelby 1956). In order to construct a defect, one marks out in the medium an 
appropriate surface bounded by a curve C and makes a cut coinciding with C. Then a 
relative displacement is given to each pair of points on either side of scraping 
away material where there would be interpenetration and filling in the remaining gaps 
with additional material. In general, du can be written as 

= bi+SlijXj (i, j = 1, 2, 3), 

where Xj denotes the coordinates of the point, bi the relative translation of this point, 
and — H;,) describes the relative rotation of A general dislocation is thus 

described by six constants—^in other words, it consists of six elementary (Volterra) 
dislocations. Each of the latter can be characterized by a single constant, the other five 
being set equal to zero. A rotational dislocation with &,• = 0 is actually a disclination. 
When Qij = 0, one has the usual (translational) dislocation with a Burgers vector b. 
Some examples of defects created in this manner are shown in figure 1. Figure 1(a) 
shows an edge dislocation produced by cutting a ring-shaped cylinder across the 
surface S^, choosing the axis of the cylinder as the curve C, and displacing the upper side 
of the surface over the lower by an amount b perpendicular to the axis. In figure 1 (b), 
a sector of the cylinder is cut defining the surface S(- and the axis as C, and both sides of 
the surface are pulled apart widening the angle of the sector so as to accommodate a 
larger sized sector. This produces a wedge disclination, fl being a rotation around the 
axis. Figure 1(c) shows the Somigliana prescription for creating a substitutional or an 
interstitial atom. A sphere is cut out of the matrix, its radius altered by adding or 
removing material, and the sphere is then reinserted in the matrix. This is the f amili a r 
misfitting sphere model. Note that there is no boundary curve C in this case. It can be 
shown that a knowledge of as a function of position Xj on the surface S^., together 
with the boundary conditions at the surface of the body, completely determines the 
resulting state of internal stress. 


3. Basic equations of elasticity theory 

In the linear theory of elasticity, the condition of equilibrium is given by 

where <Tu is the stress tensor, /< is the body force and the usual comma notation for 
derivatives and the convention of summation over repeated indices are used, ffy is 
related to the strain tensor Cy by Hooke’s law: 

<^il — 

where 

e„n=i(u„,„+u„,„), (3) 

is the symmetric part (sym) of the gradient (grad) of the displacement field u: thus 
e = sym grad u s def u. For an isotropic homogeneous medium 

^Umn ~ "i" +‘5in<5|„). 


(4) 


Continuum theories of defects 




Fieure 1. (a) Continuum model of an edge dislocation, (b) Continuum model of a wedge 
disclination. (c) Misfitting sphere model for a substitutional atom. 


where k is Lame’s constant and /z is the shear modulus. Equations (1)“(3) imply the 
differential equations 

^tlmn nl~^fi ~ 0 

for u. Let 0^ be the Green function tensor defined by the equation 
and the boundary condition Gt„{r oo) = 0. Then 

The elastic field due to the body force f is given by 

“i(0 = j}i(r')GH(|r-r'|)dV. (g) 

The existence of a continuous single-valued displacement field u, requires the 
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incompatibility (inc) of the strain tensor to vanish, i.e., 

inc e = 0, (9) 

where, in component form, 

(inc e)ij = -ea,ej^e,„.k„ = [curl(curl c)]y, (10) 

fiiu denoting the completely antisymmetric Levi-Civita tensor or the alternator. 

There are two broad ways of introducing defects into this picture. One is to start with 
(1) and assign an effective/{, as is usually done in a point defect (Eshelby 1957). In line 
defects, one puts /, = 0, but generalises (8) to include the contribution from the cut 
surface S^, (Mura 1968). In the second approach, one must recognise that when defects 
are present in the medium, the displacement field u is no longer a continuous singje- 
valued function on and therefore the compatibility condition ought to be modified. 
This is achieved by generalizing (9) to include a source term t/ characterising the 
incompatibility distribution of the defect, i.e., (9) is replaced hy 

ince = f/. (11) 

In the next section we describe briefly the first approach which is due largely to Eshelby 
(1957). 


4. The Eshelby approach 

Volume defects such as precipitates, solute atoms, self-interstitials, etc contribute to the 
change in the elastic state of the medium. A self-interstitial is modelled as a misfitting 
homogeneous inclusion (mhi). It corresponds to matter of volume K-l- A Kbeing forced 
into a cavity of volume V in the medium (see figure 2a). Both the inclusion (/) and the 
matrix (Af) have the same elastic moduli. An mhi is created in a body because of internal 
stress, f.e., some region / of volume V develops internal stress and is transformed to a 
different shape and size with a volume while remaining inside the matrix M 

(see figure 2b). Thus a constrained stress (trg) or a constrained strain (eg) is developed 
both in I and Af. 

Now suppose Af was absent and I alone were to undergo a transformation (see 
figure 2c). It would acquire a different shape and size, with volume V+A V^. Let cy and 
efj be the stress and strain associated with the transformation. These need not be of 
elastic origin (they may arise from metallurgical transformations, for example). Thus, 
symbolically, / ^ /^, and Af -4 Af. Eshelby has posed and answered the following 
questions: 

(i) How can one relate irg and eg to og and eg? (ii) What can one dedure about the 
behaviour of u^, cr^ and the dilation and the self-energy of an mhi of arbitrary shape? 
(iii) What is the interaction energy of an mhi with an applied stress field Oy? 

After answering these questions Eshelby asks the same questions for an “in¬ 
homogeneity” (see figure 2d). The inhomogeneity is an inclusion having elastic 
constants (2*, fi*) different from those of the matrix (2, fi). Note that a perfectly-fittini 
inhomogeneity (pfi) does not perturb the stress field in the matrix. However, a misfitting 
inhomogeneity (mfi) would alter the stress field in Af. 

An mfi is an appropriate model for a foreign interstitial in a crystal. Eshelby show. 
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how to reduce the problem of an Mn to an equivalent mhi problem. The problem of an 
MFi in the presence of an external stress <rjj is of interest in many practical situations 
such as siPA creep (Heald and Speight 1974), voids in strained metals, etc. In the 
presence of Oy, a pfi can undergo an induced transformation strain ^ ‘proportional’ to 
the applied strain efj.To illustrate the Eshelby approach, consider an mhi for which the 
displacement field uf is given by 

«F(r) = jdS;C^„„ej;„(r')Gy(|r - r'|). (12) 

Eshelby considers a spherical and an ellipsoidal mhi for which is constant, and, 
using (7) for the Green function, arrives at the familiar relations (for the spherical mhi): 


efj = 'efj+i e^Sij 
— P'eJj + ^oi^dij, 
e‘^ sef,,'efj = efj-ie^d,j, 


Here 'ctj is the deviatioric part of Cij and e is the scalar part. The general results for a pfi 
and an mh under an applied load are given in Eshelby (1957). 



Figore 2. (a) A misfitting homogeneous inclusion (mhi). (b) The rectangular region I 
undergoing a constrained transformation in the matrix resulting in a curved shape: (c) The 
region 1, detached from the matrix, undergoing a T transformation, (d) A misfitting 
inhomogeneity (mfi). 
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A significant feature of Eshelby’s theory is the recognition of the important role of 
surfaces in defect problems. Eshelby was the first to show that the surface contribution 
to the change in volume of the medium, when defects are present, is quite significant. 
When defects (internal stresses) are present in a bounded medium, one must invoke 
image forces such that the boundary of the medium is kept free of stresses (the 
equilibrium condition), analogous to the method of images in electrostatics. As in the 
latter case, the image stress in the defect problem should have no internal sources in the 
medium. A well-known result derived by this method is that the volmne change of a 
finite medium when a single spherical point defect is present is y times the 
corresponding volume change in the infinite medium, where y = 3(1 — v)/(l + v) is the 
famous Eshelby factor and v is Poisson’s ratio. If v is taken as 1/3, then y is as large 
as 3/2. 

5. The elastic dipole tensor 

Of central importance in the study of defects is the concept of the elastic dipole. Let a 
point force/j acting at a point r' in an elastic medium. The displacement Uj at a point r 
caused by the force is 

U;(r)=/i(r')Gy(lr-r'|). (14) 

Now suppose that in a small volume centred at r', N point forces/j!(r' + s“) are acting at 
the points r' + s* (a = 1,. .., iV). Then (14) must be generalised to 

«i(r)= E/k(r' + s“)G,k(lr-r'-s“|) 

a= 1 

= [J^/j]G,k(|r-r'|)-H[^Z sj/sjo^.^-dr-r'l) 

Here the second equality is obtained by expanding the Green function in a Taylor series 
about dr - r' |). (Note that 0,^, y stands for dG^/dxfj). The first term in the expansion 
vanishes, because for physically realizable defects the invariance of the entire system 
under a rigid in finitesimal translation implies that 

j:/jE(r'-l-s“) = 0. (16) 

a 

The elastic dipole tripole (Pju), etc are then defined as the quantities in parentheses 
in the successive tenns that remain: 

Pjk = £ 


Z 5js^/?.etc. 

a * 1 

The displacement field due to a dipole is thus 

Mi(r) = l“ykG,fc,y.dr-r'|) and Pjt = Pkj- 


(18) 
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It can be shown easily that a dipole is simulated by a body force according to 


m = ( 19 ) 

The importance of the elastic dipole can be judged from the following result due to 
Kovdcs (1978): Any lattice defect can be described by a surface distribution of elastic 
dipoles. To establish this fact, consider a surface 5 in a medium, and let it undergo a 
transformation such that the surface element at a position r' on the surface has a 
displacement n/(r'). Due to this transformation, the surface element dS'„ becomes a 
source of an elastic singularity with a dipole strength which can be defined by the 
expression 

dP^ = Ci*,„a,d5;. (20) 


The total strength of the defect is given by 

= ( 21 ) 

The displacement field of the defect is obtained by applying (18) and integrating over 
the dipole distribution 




= jG„,^.(r-r')dP,(r') 

= C,„„j^G.,*.(r-r')a,(r')dS;. 


( 22 ) 


To apply this result to a dislocation, consider a cut in the medium over the surface S^. 
bounded by a closed curve C. The positive direction of the normal to S^. is related to C 
by the right hand rule. Now let each point on S,. be given a displacement Uj (r') = h[, b 
being a constant vector. Then we obtain the familiar Burgers (1939) result 

Un{r)^C,ui.bil G,„.^(r-r')d5i, (23) 

Jsc 

which is the displacement field of a dislocation loop C of Burgers vector b. 

The displacement field of an mhi can be obtained by choosing for S a closed surface 
enclosing a volume F ^ 0 and considering the displacement Ui (r') inside and outside S: 


‘ |0, otherwise. 

Using (18) and applying Gauss’s theorem, one obtains 

As the Green tensor is symmetric and satisfied the equation 
Cium^ni.k'm'— ~ <5„(<5(r — r'), 


(24) 


(25) 


( 26 ) 
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we obtain 


“.(r) = 


fdK'-uI, 


j* 


if re V, 


( 27 ) 


where ffji = Cai„u[„. This result is essentially the same as that obtained by Eshelby 
(1961) if we identify ^(«[* + uJij) with the transformation strain eJi,,. The total strength 
of this defect is 




"““i 

dV' = j^aldV'. 


(28) 


Thus an mhi can be interpreted as a space distribution of dipoles with a volume density 
ffSt- A PFi can be treated similarly (Kovics 1978), and the results of Eshelby (1957) 
rederived. 

The interaction energy U between the defect, a strain field e|l and the associated force 
FJ, acting on the defect are expressed by the following general relations: 

V = - je<l(r')dPtt(r') 

= -|^Ctt,„4(r')a»(r')dS;,. (29) 

= ^^fk.ndPtt 

= s«t.«(r’)<*((OdSi,. pO) 

These equations are applicable to any type of defect. Thus, substituting in (30) the 
displacement appropriate for a dislocation and using Stokes’ theorem, one recovers the 
Peach-Koehler (1950) expression for the force 

= (31) 


where is the stress field associated with the strain and dl], is a line element along C. 


6. Generalizations of elastic continuum models 

An important step towards bridging the gap between the elastic continuum approach 
outlined in the previous sections and the more detailed atomistic calculations has been 
achieved on two different fronts: the anisotropic continuum approach and the nonlocal 
continuum approach. 
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6.1 The anisotropic continuum models 

These models are well described in the recent book by Teodosiu (1982) which also 
contains an exhaustive set of relevant references. A point defect in a crystal lattice is 
better represented by an elastic dipole tensor which is anisotropic, conforming to the 
symmetry of the actual defect site in the lattice, whereas the host lattice may be 
modelled as an elastically isotropic medium. We mention as an example the calculation 
of the interaction energy between two point defects with cubic symmetry Oh by Siems 
(1968). He showed that two elastic dipoles do not interact, and that the principal 
singularity of the clastic interaction energy between two such defects is the dipole- 
octupole interaction. Models along these lines have been proposed for faceted voids in 
irradiated crystals (Evans et al 1972; Malen and Bullough 1971). 

Another approach is to consider spherically symmetric point defects in a host 
medium that is elastically anisotropic. The major drawback of this approach is the 
nonavailability of a closed form analytic expression for the Green tensor. For 
symmetries other than hexagonal symmetry (Kroner 1953), the solutions are in the 
form of series, thus necessitating perturbation-type calculations. For these reasons of 
mathematical inconvenience, not much work has been done along these lines. (For 
point defects, see Eshelby 1956; for line defects in an anisotropic host medium, 
Teodosiu 1982; Steeds and Willis 1979). 

6.2 The nonlocal elastic continuum models 

Eringen and Edelen (1972) and Eringen (1972,1976) have developed a new theory of 
elasticity called nonlocal elasticity. This theory makes use of nonlocal elastic constants 
(a closer approximation to the force constants of the atomistic theories). The basic 
equations of linear isotropic elastic splids, for the static case and vanishing body forces 
are: 

<^ik.k = 

oik =1 CT|J^(r,r.')dV, 

oT- =a(|r-r'|)Cn,„ei„ 

Here a(|R |) attenuates rapidly as R -> 0, it is a continuous function which depends on a 
parameter a such that when a -> 0, a{R) 5{R) and the classical equations of elasticity 
are recovered. Here ei„ = e,„(r') and = duildx'„. The stress o-^^(r) is the nonlocal 
stress in the sense that its value at r depends on the strain at aU r' 6 V. Eringen has shown 
that the first equation in (32) is satisfied if and only if (Cihim^imXk = ^tKk = 0 in K This 
means that the displacement field remains the same in the nonlocal theory as in the 
classical theory. The stresses differ in the two theories. 

Kovics and Voros (1979) showed that the appropriate body force F| to be included in 
the generalization of (32) is 

f,(r) = |a(r-r')y;(r')dr, (33) 

where fj (r) is the body force in the classical theory (see (1)). The force acting on an elastic 




784 


Debendranath Sahoo 


dipole is then 

Fj(t) = Py*{r')a t,(r - r') (34) 

and the interaction energy U between the elastic dipole and a displacement field uf is 

mr) = - jp;*(r)a(r' - t)t%{t-)dV'. (35) 

Note that the interaction depends on the strain field at all points in the medium. The 
force acting on the dipole is 

/„ = jp>(r)a(r' -r)cl,(r')dK'. (36) 

Note that (34)-(36) reduce to the corresponding equations of the classical theory, i,e, to 
(19), (29) and (30) when a(r' - r) -► S{t' - r). 

Since any defect can be described as a surface distribution of dipoles (discussed in 
§ 5), it is interesting to generalise the results of the local theory for a surface distribution 
of dipoles. Kovics and Voros (1979) have shown that (29) then generalises to the form 

l/=(37) 

where 

5lt(r) = J^<r,^^(r. r')dK' = (38) 

and a,(r) and S are as defined in § S. Similarly, (30) generalises to 


/» = 


ffto.(r')fli(r')dS;„. 


It is easy to show that the self-energy of the defect is 
<^5 = -^1 ff(m(r')ai(r')dSi„ 


(39) 


(40) 


where is the stress field due to the defect alone. 

As expected, the stress singularities and the embarassing infinite self-energies in the 
usual defect calculations are replaced by well-defined, finite quantities in the nonlocal 
theory. This is closer to physical reality, and the advantage of obtaining realistic defect 
properties without performing tedious atomistic calculations makes this approach very 
attractive. For lack of space, we quote a single result to substantiate this remark. The 
interaction energy U between two dilation centres of volume increments A Vi and A V 2 
is given by 


[7 = 2p 


(1-v) 

(l-2v) 


AFiAFja(Jl), 


(41) 


where R is the distance between the two defects. (Note that when a(il) is replaced by 
S{R), U -yQ, since R ^ 0.) The self-energy U, of a dilation centre of volume increment 
AKis 


I/, = iPAKa(0) 


(42) 
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A convenient representation of the kernel a(r) is the Gaussian 

ol{R) = exp (- k^R^/a^). (43) 

It is natural to interpret the parameter a as the lattice parameter. The other parameter k 
is estimated by Eringen (1977a, b) from a consideration of the critical shear stress 
needed to create a dislocation. This leads to k = 0*94 for fee metals. In fee metals 
AV = fl^s/4 where e = (K— the relative volume differenee between the host 

and the alloying atoms. Then, using v = 1/3 and k = 0-94, one obtains = 0^56fUi^E^. 
This is to be compared with the atomistic model calculation of Flinn and Maradudin 
(1962) which yields t/, « 0-54^a^fi^. 

Other examples of the application of the nonlocal theory include expressions for the 
stress field, strain energy, etc. of screw and edge dislocations (Eringen 1977a, b; Eringen 
and Balta 1979), as well as a nonsingular expression (Eringen et al 1977) for the stress- 
concentration function in the problem of an elastic plate with a sharp crack and 
subjected to a uniform tension (at infinity) perpendicular to the crack (the Griffith 
problem). These results show the potential utility of the nonlocal elastic models of 
defects which certainly needs to be explored much more elaborately. Moreover, 
calculations in nonlocal elastic theory are much simpler than the corresponding ones in 
the anisotropic elasticity approach briefly described in § 6.1. 


7. The linear continuum theory of dislocations 


Electron microscopic observations show that deformed crystals have numerous 
dislocation lines which are very often randomly tangled. A convenient way to describe 
these dislocations is via the dislocation density tensor a/^(r) (Nye 1953). Consider an 
arbitrary point P in the material. In the neighbourhood of P, within a small area 
element dS, there are several dislocation lines with Burgers vector (a = 1,2 ... n) in 
the directions as shown in figure 3. The effective Burgers vector db of n dislocations 
threading the surface dS is then given by 


n 


dS,a,j= ^ {v^'’Kv)bf = dbj, 

a = 1 


(44) 


where v is the unit vector at P defining the element dS. The scalar product (v“, v) 
measures the threading of the surface dS by the ath dislocation. In integral form, (44) is 
written as 


I 


dSiOtij — 



(45) 


where C is the closed curve bounding the surface S. (Kroner 1964 and Noll 1967 have 



Figure 3. The area element dS showing the threading of 
dislocation lines. 
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defined ay somewhat differently; see Teodosiu (1982)). Now 

ay = Pij (or « = curl fi), (46) 

where ^y(r) = Mj,((r) is the gradient of the elastic displacement. Using (46) in (45) and 
invoking Stokes theorem, we find 

= aij.t = 0> (or div « = 0), (47) 

because the divergence of a curl vanishes. Physically this relation means that 
dislocations cannot end inside the medium. Another feature of the o-tensor is worth 
noting. The first index i of ay denotes the average direction of the dislocation lines 
whereas the second index; denotes the direction of the Burgers vector. Thus the 
diagonal components of a correspond to screw dislocations and the off-diagonal 
elements to edge dislocations. Since the diagonal and nondiagonal components of a 
tensor are not invariant notions, the classification of dislocations into edge and screw 
types is not to be taken too seriously. 

The introduction of the a-tensor has given impetus to the development of the 
beautiful differential-geometric theory (see § 9). The connection with geometry arises 
from the physical fact that dislocations involve a certain curvature or bending of the 
lattice network, thus imparting a curvature to the continuum (Nye 1953). To be more 
precise, the rotation tensor ©y defined as the antisymmetric part of fi leads to an axial 
rotation vector = isuttoy. The difference in © between two points separated by an 
infinitesimal distance dr is given by 


where 


d©^ = (eyw3|iCii-t-Ky)dxj, 
^ij ~ 


is the Nye’s curvature tensor (see also Kroner 1981). Thus, in the absence of elastic 
strains, the presence of a continuous distribution of dislocations alone leads to a 
rotation d6 between two points separated by a distance dr given by d6j = Kydx,-. It is 
also straightforward to calculate the incompatibility tensor t] associated with the 
presence of the dislocation distribution. We quote the final result (Kroner 1981): 

tJtj = — (^^^ 

rj = mce = curl k = (a x V),y„ = - curl o^. 

It is evident that the divergence of t] vanishes. 


8. The internal stress problem and Kroner’s theory 

Defects are characterized by the incompatibility tensor tj associated with them. For a 
continuous distribution of dislocations it is given by (49). A single dislocation is 
described as a limiting case of the continuous distribution with the help of delta 
functions: 

ay = tibjS(p)S(q), 

where t, is the tangent to the dislocation line and p, q are suitable coordinates 
perpendicular to the dislocation line. For a spherical interstitial atom occupying a 
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volume A V and located at Fq, the incompatibility tensor is 

= A K(V X / X V)5(r - To), (51) 

where / is the unit tensor 

The main problem in defect theory is: given the tensor 17 as a function of r, to calculate 
the internal stress and strain in the body. This is a boundary value problem for the 
equations dfCTy = 0 (force equilibrium condition in the bulk) and CijUj = 0 on the 
surface S of the body (the traction boundary condition) together with the incompat¬ 
ibility equation inc e = 17 . There are three ways of calculation of e. 

(i) The Eshelby-Eddington method: Eshelby (1956) uses the fact that, because of the 
tensor identities 


inc (def u) = 0 and div (inc A) = 0, (52) 

any solution of the incompatibility equation can be written as 


e = def u H- ( 53 ) 

where 5 is a particular solution of the equation and u is an arbitrary vector field. If we 
put 17 = 0 on the boundary 5, then following the method of Eddington in the general 
theory of relativity, one can write 




i 7 (r')-(Tr^)/ 


(54) 


Next, by substituting (53) into the other field equation and the boundary conditions, 
one obtains a traction boundary-value problem of classical elasticity theory where u 
plays the role of a displacement field, while the body forces and the surface forces are 
given by 

fk “ ^klmn^mn,li (^^) 

h = (56) 


(ii) Murds method: This method make use of the elegant Green function technique. 
The working relation (derived in Mura 1968; Teodosiu 1982) for the calculation of the 
elastic deformation tensor is 

^«r(r) = jd (r')G„p(|r - r'|). (57) 

(iii) Kroner's method: Kroner (1981) exploited the analogy of the elastic field with the 
magnetostatic field. The following is the correspondence between quantities and 
relations in both theories. (See Seeger 1961 for an excellent review where reference to 
Kroner’s earlier work are given.) 


Elasticity 


Magnetism 


vector quantity 
rank two tensor 
rank four tensor 
div 
inc 


scalar 4 )uantity 
vector 

rank two tensor 

div 

curl 
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the inverse relation being 


Xu = 2/i^z'u+j~ Zlw:«5u)- 


X* satisfies the equations 

= r/ and div = 0- 

Assuming that -*> 0 at the boundary of the infinite medium one calculates x' from the 
relation 

In principle this solves the internal stress problem, since <r can now be calculated using 
ff = inc X‘ 

Kroner has also put the elastic theory of point defects in a broader perspective. 
According to him, the elastostatics of a continuum with extrinsic point defects (foreign 
interstitials) is analogous to electrostatics, whereas in intrinsic defects (vacancies, self¬ 
interstitials) the elasticity theory is analogous to magnetostatics: 


Electrostatics 

div D = p 
curl E = 0 
D = e-E 
U — • E 


Elastostatics with extrinsic defects 

div <r = — f 
inc e = 0 
IT = C: e 
t7 = iir-e 
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Magnetostatics Elastostatics with intrinsic defects (internal sources) 


div B = 0 
curl H = J 
B = /i-H 
C7 = iB.H 


div = 0 
inc e = ri 
a = C:e 
U = ^a:e 


The distinction between extrinsic and intrinsic defects is considered to be a most 
fundamental one, since this has deeper implications in terms of differential geometry. 
The terms ‘diaelasticity’ and ‘paraelasticity’ now acquire meanings by analogy with 
electro- and magnetostatics. Carbon atoms in iron are permanent elastic dipoles giving 
rise to paraelasticity; whereas, in diaelasticity, the induced elastic dipoles arise only 
in the presence of an applied elastic strain according to — a: e. The pfi leads to 
diaelasticity, while mfi leads to both para- and diaelastic effects. A quantitative measure 
of the para- or diaelasticity associated with a point defect is the corresponding 
polarizability. The calculation of this quantity is an important problem in the study of 
point defect relaxation as in the Snoek effect (see, e.g., Leibfried and Breur 1978). There 
are also ferroelastic solids possessing permanent macroscopic elastic dipole moment 
along favoured directions (see, e.g. Wadhawan 1982). 


9. Differential geometry of defects 

The description of defects in the foregoing was confined to linearalized theories. When 
finite deformations are included, the language of differential geometry and tensor 
calculus becomes indispensable. A summary of these theories is given by Kroner (1981) 
and we follow his presentation. The nature of the differential geometry is decided by the 
degrees of freedom associated with the atoms or molecules of the crystal. For 
constituent particles of the same kind, each having only three translational degrees of 
freedom (a Bravais lattice), affine geometry seems to be appropriate; whereas for a non- 
Bravais lattice of molecules possessing rotational degrees of freedom in addition to 
translational ones, Finsler’s geometry (Amari 1962) is required. 

Consider for simplicity a cubic primitive Bravais lattice and choose the lattice lines as 
the Cartesian coordinate lines. The Cartesian coordinates of this defect-free, reference 
crystal are denoted by x*. Let the crystal be deformed and let this configuration have 
coordinates The connection between infinitesimal increments in the coordinates in 
the two configurations is given by 

dz* = (62) 

Now dx" being the corresponding change in the undeformed configuration, the relative 
displacement is given by 

At/ = {Bj^^6j^)Ayr = /?„*dx". (63) 

With the coordinates x* we associate an ‘external observer’ (also called the Eulerian 
frame of reference). Consider another observer, the ‘internal observer’ (the Lagrangian 
frame of reference) whose reference coordinates are ‘dragged along’ in the process of 
deformation. As long as the crystal is defect-free and the deformation is compatible, the 
internal observer feels no deformation. Let the coordinates of this frame of reference be 
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y^'. Then the square of the distance between two infinitesimally separated points 


ds2 = 5j.,.d/'d/ (64) 

is an invariant for this observer. In contrast, for the external observer, there is a change 
in ds^ after a deformation takes place, given by 

ds^ — dso = (Su — 5kj) dx* dx* = dx* dx'. (65) 

Here dSo is the value of ds^ before deformation, and 

( 66 ) 

The strain tensor can be easily shown to be 

= i(^u + (67) 


Next, let us establish a connection between dislocations and torsion. Cartan (1928) 
introduced the concept of ‘torsion’ in a purely mathematical context. Later, Frank 
(1951) constructed the Burgers circuit to define a dislocation. That there is a remarkable 
similarity between Cartan’s procedure for introducing torsion in differential geometry 
and Frank’s construction for a dislocation was noted by Kondo (1952,1955), Bilby et al 
(1955) and Bilby (1960). Frank considers the nonclosed path A'B'C'D'E’ (see figure 4) 
around a dislocation in a crystal counting the steps (each step consists of one atomic 
spacing). The closer failure A'E' is the Burgers vector. Cartan transports a vector CD 
along the path CB from C to S and then a vector CB along the path from C to D. The 
vectors CD = d,x(C), BA = dix(fl), CB = d 2 x(C) and DE = d 2 x(D) are all of 
infinitesimal length. The law of parallel transport of dix(Q along d 2 x(C) can be written 
as 

diX*(B) = diX*(C) - r„,*d,x'(C)d2x"(0. (68) 

where F,*!* 's the affine connection. Similar transport of d 2 x(C) along dix(C) gives 
d2X*(D) = d^AQ - r„a‘d2x'(C)diX"(C). (69) 

The closure failure is thus 

(AE)* = diX*(C) + d2x‘(D) -d2X*(C) -diX*(B) 

= r,a'‘(di^d2x"-d2x'dix") 

= -r„,*dS"', (70) 

where dS”'= (dix"d 2 x'-dix'd 2 x") is the area element enclosed by the four 
infini te simal vcctors. The tcnsor dS”' is related to the area vector dS, by the relation 

dS”' = r""* dS„ dS„ = dS"', (71) 


Figure 4. (■) Frank’s dreuit, (b) Cartan’s 

dreuit 
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where r"”' = ge.”^, with g = (det( 3 i„))‘/^ (i.e., s"“' is the contravariant Levi-Civita 
tensor, etc.)- Note that only the antisymmetric part of the connection contributes to the 
vector (AE)* in (70). This is Cartan’s torsion tensor, 

rn./'' = i(r„,‘-rj). (72) 

Now, to establish contact with the dislocation density tensor defined in § 7, note that 

by definition the Burgers elemental vector is 

db* = ar'^AS„ s aJdS'^, (73) 

where 

“ml* = a"‘. = e""'®*A (74) 

On comparing db* with (AE)* we get 

Tj=-aj. (75) 

This basic identification of the dislocation density tensor with the torsion tensor is the 
starting point of the differential geometric approach. 

The presence of torsion leads to a non-Riemannian geometry. It is known (Schouten 
1954) that if the metric is to satisfy the relation = 0 where is the symbol for 
covariant derivative, then the most general form of the affine connection possible is 
related to the torsion as follows; writing it turns out that 



rmik — ^ffiIk + ^/k> 

(76) 

where 


Qmlk = + ^idmk “ ^kdlm) 

(77) 

and 


^Ik — '^mlk "1" ^kml ^ikm • 

(78) 


Here is the Christoffel symbol of the second kind, and is the contortion tensor. 
The earlier definitions of the distortion tensor the strain tensor et^ and the rotation 
tensor (Oif^ are generalised to read 




— rfii{ik)^"> 


(79) 


- r„p^dx”, J 

where {Ik) and [Ik'] respectively stand for symmetric and antisymmetric combinations 
of these indices. Equation (9) of the linearized theory, which can also be written as 

V X e X V-sym{a x V} = 0 (80) 


is generalised in the nonlinear theory to the vanishing of the curvature tensor, i.e.. 


Rnmlk = 0, (81) 

where = ginKJ and 

= 2(a,r«,'' -r„/r„'')[wn]. (82) 

Equation (81) is the second basic law of the differential geometric theory of lattice 
defects. Physically, this means that if a crystal has dislocations as the only defects in it 
during deformation, and if it does not develop cracks, then the dislocation distribution 
must be accompanied by elastic strains such that the curvature tensor vanishes. 
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The second basic identification states that elementary extrinsic defects (extra matter 
on interstitial sites, fission fragments, a-particles stuck in the medium, etc) cause a 
rotation^ike curvature iR„mm ^ R^nmm = 0)- According to the third basic identifi¬ 
cation, intrinsic point defects like self-interstitials and vacancies lead to a non-metric 
curvature = 0 , Rnrnm 0 )- Th® non-metric situation is not as well understood 

in differential geometry as the metric connection. When extrinsic defects are present in 
addition to dislocations, a beautiful analogy emerges between the field equations of 
defects and Einstein’s equations in the general theory of relativity. To see this, we note 
that the curvature tensor is antisymmetric in I and k for the metric geometry, and, 
by definition, it is also antisymmetric in n and m. Thus, without any loss of information, 
it can be replaced by a second rank tensor (called the Einstein tensor) given by 

= (83) 

It can be shown that, in the linear approximation, (83) reduces to 

E = — inc e+curl k. (84) 

Note that when = 0, = 0. When extra matter is present, the Einstein tensor 

does not vanish and becomes equal to the matter tensor or £ = M. This is 
analogous to the Einstein’s field equation. Thus the defects in a crystal are analogous to 
matter in the universe. “Without matter, the universe is not interesting; without defects, 
a crystal is dead —” (Kroner 1981). 

The approach to defect theories via differential geometry is undoubtedly an elegant 
one. There is a related approach by Wang (1967) and Noll (1967) which starts with the 
philosophy that the constitutive law of the continuum being fundamental, it must 
determine the geometry. There are attempts at constructing a Yang-Mills type of minimal 
coupling theory for materials with dislocations and disclinations (Kadid and Edelen 
1982; Edelen 1980). The work of Julia and Toulouse (1979) and that of Dzyaloshinskii 
and Volovik (1978) are efforts in the same direction. There are further treatments of the 
differential geometry of defects by Gairola (1979), Zorawski (1967) and Marcinkowski 
(1979). Marcinkowski in several publications has applied differential geometric 
techniques extensively to dislocations on surfaces, grain boundaries, cracks, etc. 

In spite of its mathematical elegance, the differential-geometric approach to defect 
problems has not helped much in the development of the phenomenological theory of 
plasticity. The reason is that, in contrast to the case of electric or magnetic lines of force 
in electromagnetic theory, dislocation lines almost always form very irregular 
interconnected networks. This is the main reason why the continuum theory of 
dislocations and the differential-geometric approach as such can never constitute a 
good macroscopic theory of plasticity. Dislocations piercing through an area element in 
the crystal usiudly appear with positive as weU as negative signs so that their resultant 
Burgers vector is often zero or has a very small value. This results in a very small 
magnitude for the dislocation density a. To understand this, consider for example the 
configuration of dislocations shown in figure 5. All the dislocation lines are in the z 
direction; positive (1) and negative (T) dislocations have Burgers vectors 4 - b and 
— b, respectively. Let the domain be divided by a mesh as shown in the figure and let 
be the area of each small square. If we consider as the area ASs the rectangle AA'B'B, 
*31 = — if AS 3 is the rectangle BB'C'C, Hn = +b/a^; whereas if area AS 3 
= AA'CC, 031 = 0 . Note that if we let AS 3 0 around the point Pi, then 033 (P) = 
+ bi S{P—Pi ), where the + sign is applicable if there is a positive dislocation at Pi, and 
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Figure 5. Positive and negative edge dislocations arrays 
piercing through a rectangular region. 


the ~ sign if there is a negative dislocation. This means that the microscopic theory of 
dislocations is built into the formalism, but that in the process of coarse-graining over 
the distribution of dislocations, too much information seems to be lost. 

Kroner (1970) has suggested the following way to rectify this deficiency. According to 
him, the random distribution of dislocations calls for the use of statistical mechanics. 
Information about the actual dislocation distribution may be given by n-point 
correlation tensor functions <a(ri)a(r 2 ).. . a(r„)> which give the probability of 
finding dislocation elements at Tj, r 2 ... r„. Thus one considers, instead of a single real 
specimen, a whole ensemble of crystals all filled with dislocation line elements in such a 
way that the ensemble represents all possible realizations of a given macroscopic 
dislocation state. One may impose extra conditions by prescribing the total energy, the 
total dislocation length, etc. These would correspond to various types of ensembles 
(analogous to the well-known microcanonical, canonical and grand canonical en¬ 
sembles). Kroner (1970) shows that the information contained in the two-point 
correlation (r)aju (r')) is quite extensive. For example, it gives information about the 
total dislocation length in a given volume element, the density of dislocation dipoles, 
etc. It is (obviously) suitable for describing planar dislocation networks, and, to some 
extent, dislocation pileups as well. Kroner and Teodosiu (1974) have made the 
important observation that the internal mechanical state, instead of being represented 
by the dislocation density tensor and its higher-order correlations, can also be specified 
by means of the fluctuations of the stress and elastic strain produced by the dislocations. 
This is of interest because it is the fluctuating stresses and strains that determine the 
deformation behaviour of materials. This line of approach is very attractive, but much 
work needs to be done. For example, if the dislocation elements are the basic entities of 
the system which we want to describe by statistical mechanics, what is the counterpart 
of Liouville’s theorem that would guarantee that the known equations of motion of the 
dislocation line elements are satisfied? It is worth mentioning here that in another 
attempt to rectify the shortcomings of the dislocation density tensor, Kroupa (1962) has 
introduced the dislocation loop density as an additional variable. This approach too 
has not yet had any practical application. 

10. Continuum mechanics of moving dislocations 

Kosevich (1979) has generalised the basic equations of continuum mechanics taking 
into account the motion of dislocations during deformation. He has given a very 
simplified treatment under the (rather drastic) assumption that the energy conservation 
equation remains unchanged. (This is equivalent to assuming that no heat is generated 
in the process of dislocation motion). Thus, only the equations of continuity expressing 
the (local) conservation of mass and (linear) momentum are considered. One begins 
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with the fundamental equation which introduces dislocations into elasticity theory, 
namely, (46). If dislocations remain static during the deformaton, then the velocity field 
P^fc(r) is related to the elastic distortion field by 3^ V,, = dtPi^. However, when 
dislocations move, this equation must be generalized to 

(85) 

Hereis the dislocation flux tensor which must be so chosen that (85) is consistent 
with (46). Taking the curl of (85) and using (46), one obtains the (local) law of 
conservation for the Burgers vector 

d,a,k + ett„d,j„k = 0- ( 86 ) 

If C is a closed curve bounding a surface 5, then (86) can be expressed in the alternate 
form ^ 

dbjdt = -OjikdXi. (87) 

Jc 

The total distortion is the sum of the elastic distortion fiuc ^^i^d the plastic distortion 
Pfi,. Since 9; =9,Pffc by definition, we have evidently Hence 

( 88 ) 

which is the Orowan equation. For a continuous distribution of dislocations, 

jik = eu„l,bMr,>W- (89) 

a 

(compare with (46) which defines a^k). The trace jkk of the flux tensor j^k is of special 
interest in connection with the continuity equation for mass. Noting that the relative 
change in density is given by e^k = —Sp/p (where p is the density of the medium) and 
using (85), one obtains 

a.p + div(pV)= -pA*. (90) 

The ‘complete system’ of dynamical equations can then be presented in the form 
Si^ik = pdt Vk (Newton’s Law), 

<^ik = CikimPim (elastic constitutive Law), ^ (91) 

= ^tfiik~jlk9 

J 

where the tensors a^k and jik must be specified. Note that oluc and jik must satisfy (47) 
and (86). 

We mention here that a lattice defect approach to plasticity and viscoplasticity has 
been proposed by Kroner and Teodosiu (1974), in which particular emphasis is laid on 
dislocations. These authors propose a complete set of equations which consist of the 
continuity equations including the law of conservation of energy, and the thermoelastic 
constitutive equations for the stress and the heat flux. However, the theory is rather 
formal and has not yet been tested on any practical problem. 

11. The quantum fleld theory approach 

Field theorists have recently been interested in defects in crystals. Defects (termed 
‘extended objects’ to stress the generality of the formalism) are viewed as classical 
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macroscopic objects in a quantum ordered state (a perfect crystal). They are a 
macroscopic manifestation of the local condensation of bosons associated with a 
quantum mechanical collective mode (the phonons). There is an efficient tool called the 
boson transformation technique which describes the condensation process mathemati¬ 
cally. In high energy physics, the topological structure of extended objects has been of 
great interest, being connected with the problems of quark confinement and particle 
structure. The boson transformation approach to defects was motivated by the success 
of the theory of solitons. A soliton is a localized wave solution of a classical nonlinear 
equation which behaves like a particle. The search for soliton solutions in three space 
dimensions is a challenging problem in itself. Their localized nature suggests that 
dislocations, point defects, grain boundaries, etc. are somehow related to soliton-like 
objects in three-dimensions. As it would require a rather lengthy presentation of the 
field-theoretic background and the boson transformation formalism, we do not 
describe this approach here. It is best described in the review article of this theory by 
Wadati (1979). (See also: Umezawa ei al 1982.) We mention also that Holz (1979,1980) 
has given a microscopic Hamiltonian theory of dislocations in crystals. 

12. Conclusion 

The present review was intended to bring out the fact that there is as yet no single 
unified theory of all defects in crystals. The merits and drawbacks of the various 
theories available have been pointed out. To the reviewer the following areas seem to 
need urgent attention. The idea of Kroner (1970) that the loss of information in the 
coarse-graining process needed to define the dislocation-density tensor can be remedied 
with the help of higher-order correlation functions, needs to be pursued further. The 
alternate idea of Kroner and Teodosiu (1974) that it must be possible to describe the 
deformation behaviour of materials in terms of the fluctuations of the stress and strain 
(produced by dislocations) clearly suggests a stochastic approach to plastic flow. The 
difficulty here is the fact that even the deterministic equations needed to completely 
describe plastic flow are yet to be developed. In fact this was the spirit of the work of 
Kroner and Teodosiu (1974). Perhaps some extremely simple situations (like steady 
state creep) must be modelled first in terms of a stochastic description, and the relevant 
correlation tensors explicitly computed. Both Kosevich (1979) and Kroner and 
Teodosiu (1974) have proposed hydrodynamic equations for matter undergoing 
deformation. One testing ground for such hydrodynamic equations could be the work¬ 
hardening behaviour of materials. Cottrell (1953) has given a beautiful analogy betv/een 
stage I of work-hardening and the laminar flow of a fluid, and between stage II and 
turbulent flow. However, one does not yet know what the ‘Reynold number’ is which 
would characterize the transition to ‘turbulence’ in the case of plastic flow. In the spirit 
of this analogy, it may be possible to introduce different types of dislocation density 
tensors to describe the transition from stage I to stage II of the work-hardening curve. It 
seems that much work remains to be done in developing a hydrodynamic theory of a 
continuous medium containing dislocations. 
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DiscussioD 

T V Ramakrishnan: What is the continuum local theory value for the self-energy of a 
point defect? 

D Sahoo; For a mathematical point defect, it is infinity, but for a rigid ‘point’ defect 
occupying a volume AF, it is f;zA V, where fx is the shear modulus of the medium. 

N Kumar: What is P in the nonlocal theory? Can you go to the local limit through 
some approximation? 

Sahoo: P is the elastic dipole tensor, as in the local theory. It is the interaction between 
a dipole and a strain field which is nonlocal. Yes, one can go to the local limit by the 
replacement a(jR) d(R). 

H R Krishna Murthy: Is the nonlocal theory supposed to simulate the lattice? 

Sahoo: Yes, it is intermediate between the local continuum theory and the discrete 
atomistic theory. The lattice appears through the parameter a occurring in the kernel 
a(R). This a is essentially the lattice constant. 

Ramakrishnan: In that case, where is the dispersion? 

Sahoo: Eringen (1972, 1973) has explicitly calculated the dispersion for a one¬ 
dimensional lattice. He has also calculated the dispersion curve for Rayleigh surface 
waves. 

A S Parasnis: What exactly is it in the nonlocal theory that removes the infinities in the 
stress and strain at the core of a (screw) dislocation—a divergence which seems to be 
almost a necessity in a continuum theory? 

Sahoo: It is essentially the replacement of all the 5 functions by the finite kernel a(R). 
Being a smooth function like a Gaussian, this removes the infinities in the calculation of 
the integrals involved. 

Parasnis: I have two comments: (i) I wonder if mere analogies, such as are implied in 
the attempt to have a ‘unified’ theory of defects, are likely to give physically significant 
theories and results. For example, two decades ago some mathematically-minded 
people drew an analogy between the closure failure a la the Burgers/Frank circuit and 
Ampere’s law and built up a fair edifice. But this could not explain the simple fact that 
like-currents attract whereas like-dislocations repel. What is needed is a physical theory 
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going beyond such analogies, (ii) The difference between a Burgers circuit and a Frank 
circuit is that since the latter closes in the dislocated crystal/medium, it refers to the 
Burgers vector in the undislocated reference crystal/medium. You called the circuit a 
‘Frank circuit’ but opened it in the dislocated crystal! 

G Srinivasan: I wonder whether in the multiple glide region, the analogy may be with a 
cross-linked polymer rather than with turbulence. The problem in the polymer case has 
been made tractable by de Gennes, Edwards and others. The analogy may be worth 
pursuing. 

C K Majumdar: Dr Srinivasan is apparently referring to the calculation of the elastic 
property of rubber by Prof. S F Edwards. There is a linear part, a plateau and a 
nonlinear rising part—somewhat similar to the regions I and II you refer to. It is quite 
possible that this analogy is better than that with laminar and turbulent flow. Now, the 
rubber and the polymer problems are dominated by entropy. Entropy is always difficult 
to handle in a mechanistic or hydrodynamic model. This difficulty appears also in the 
treatment of shocks or grain boundaries discussed earlier. The entropy equation, if 
written down from the second law, is somewhat different in nature from the 
hydrodynamic equations or the electrodynamic or the elastic equations (compare for 
example, the entropy generation equation of Sommerfeld). Edward’s calculation of 
rubber elasticity is statistical mechanical in character, because entropy is involved. 
(Hydrodynamic equations or electrodynamic equations in continuous media are also 
statistical in character, but entropy is not so easily expressed in mechanical terms— 
entropy has an integral character in phase space and is not easily expressed in a 
differential equation.) If the entropy equation could be written down, or rather, if the 
entropy could be woven into the framework, the analogy could be exploited—the 
insight of de Gennes and Edwards in random network problems may perhaps be useful 
here. 
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Abstract. A thermodynamic analysis of the process of fracture in elastically deformable 
composites is formulated. The critical dimensions leading either to particle fracture or to 
matrix-particle decohesion are identified. Fracture in plastically deformable composites is 
discuss^ in the light of the experimental evidence regarding void or cavity nucleation. Models 
of void growth under the application of stress and the role of void growth in causing failure are 
described in brief. 

Keywords. Fracture; composite; void nucleation; void growth; cavity. 


1. Introduction 

Particulate composites are materials containing one or more discontinuous phases 
dispersed in a matrix of a distinctly different phase, such that the length to diameter 
ratio of each dispersoid is of the order of unity. If the extent of the discontinuous phase 
(or phases) is small and the load shared by it is insignificant, the material is not 
effectively regarded as a composite because the mechanical property of the material 
does not reflect the characteristics of the discontinuous phase. However, many 
materials that are not originally designed as particulate composites may pick up 
discontinuous phases during processing in the form of particles of insoluble impurities 
or inclusions which subsequently exert an important influence on the fracture 
behaviour of these materials. Particulate composites can be divided into four basic 
classes depending on the mechanical properties of the continuous phase (the matrix) 
and the discontinuous phase (the particle), (a) brittle matrix-brittle particle, (b) brittle 
matrix-ductile particle, (c) ductile matrix-brittle particle, and (d) ductile matrix-ductile 
particle. The fracture behaviour of the first two classes will be analysed under the broad 
heading of elastically deformable composites in § 2, and fracture in the other two 
classes will be examined in § 3. 

The first systematic approach to the process of fracture was developed by Griffith 
(1920) to explain the discrepancy between the ideal strength and the observed strength 
in a brittle material. The thermodynamics of the process of extension of an atomically 
sharp pre-existing crack of length 2c under an applied stress of a was examined. When a 
crack extends, elastic energy is released due to relaxation of stress around the extended 
part of the crack; some energy is also expended by the system in creating a fresh crack 
surface. The extension of the crack becomes feasible only when the former energy 
exceeds the latter, thereby reducing the total free energy. The fracture stress, Cq, 
calculated on the above basis is as given below. 

(To = (2a£/7cc)^^^, (1) 

where a is the specific energy of the crack surface and E is the Young’s modulus. 
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Orowan (1949) provided a similar analysis for the extension of a crack under the plane 
stress condition. Sack (1946) and Sneddon (1946) modified the estimate of (Tq in (1) by 
including the stress concentration effect around the crack. However, the original 
approach is based on the very general principles of thermodynamics and so provides a 
necessary criterion for the propagation of a crack leading to fracture. Here, we use this 
simple approach to examine the different possible fracture processes in the problem at 
hand, to gain an insight into the underlying essentials. Detailed stress calculations will 
not be of help in this regard because crack propagation is controlled by the local stress 
and strain which are inhomogeneous and dependent on the exact particle shape and 
distribution. These material parameters vary considerably from sample to sample, even 
for the same engineering material. 


2. Elastically deformable composites 

Any composite with a brittle matrix can be deformed only elastically irrespective of the 
nature of the reinforcing particle. To determine the fracture behaviour it is necessary to 
analyse the local stress distribution around the particles. When a particulate composite 
is deformed, the force is not directly applied to the particles but is transferred through 
the matrix. We consider the simple model of a particle embedded in a brittle matrix as 
given in figure 1. To simplify the mathematical treatment the following assumptions are 
made: (i) Poisson’s effect is negligible; (ii) both the particle and the matrix have the 
same shear modulus. The elastic matrix is subjected to a tensile stress of <j„ . The forces 
acting on an element extending an angle dfl at the centre are shown in figure 1(b). If is 
the shear stress acting at the particle-matrix interface, the elemental force balance in the 
direction of the applied stress gives 

d(T/dd = 2Te. ( 2 ) 

A special case (i.e., equal elastic moduli for particle and matrix) of the general result 
derived by Sezawa and Miyazaki (1928) then yields, for the magnitude of the stress 
distribution Zg at the particle-matrix interface, the expression 

Tfl = (l/2)<T„sin2e. (3) 



Figure 1. (a) Schematic representa¬ 
tion of a single particle composite model, 
(b) Elemental force balance at a section 
of the particle. 





Fracture of composites 


801 


Inserting this in (2) and integrating, the magnitude of the stress in the particle at a plane 
labelled by the angle 6 is 

(jp = (7„ sin^ 0. (4) 

Let , Op and t be the fracture strengths of the matrix, particle and interface. Then the 
matrix, or the particle, or the interface fractures first, ifa„ , or , or 2 t is the smallest of 
the three quantities 2 t. In the first case, the original analysis of Griffith and its 

subsequent modifications are applicable, after the inhomogeneous stress distribution is 
determined. In the second and third cases, a similar analysis brings out certain 
additional parameters of interest. 


2.1 Particle fracture 

When the particle has fractured at a plane whose angle of extension is 29 at the centre, 
this crack will be able to propagate in the matrix provided it is thermodynamically 
feasible. If the particle has a radius r, the change in energy AE for an infinitesim^ 
extension dr of the crack is given by 

A£ = - 47ir^ dr (1 - v„ sin^ d/E„ + 2nr dry„ sin 0, (5) 

where v„ and E„ are Poisson’s ratio and the elastic constant respectively of the matrix 
and y„ is the surface energy of the matrix. For the crack to propagate spontaneously, AE 
should be negative, which implies that 

r>r, = E„y„/[2(l-vJ^a^sm^e'\. (6) 

Since the particle has fractured when < 7 ^ = 5, = a„ sin^ 9 the composite will at once 
satisfy the necessary condition for failure if 

r >£„y„sin^0/[2(l-v„)2ff|]. (7) 

Otherwise, the load can be increased till it attains the value 

= [£mym /2r (1 - v„ sin^ 0] (8) 

The matrix will fail at a load different from that causing the fracture of the particles. As 
a range of particle size is involved in reeil-life composites, the estimate of given by (8) 
must be calculated using the largest value of the particle radius r that is involved. 


2.2 Interface fracture 


When the interface is weak, let a crack be initiated there at an angle 6. The crack will 
extend along the interface from an angle 0 to 0 + dd if the corresponding change in 
energy is negative. This change is given by 

AE = - Tcr^ a„ (1 - Vp)^ sin* 9 d9/E^ + 2nr^ (yp + y„ - Vp*) sin 9 d9, (9) 

where Vp and £p are Poisson’s ratio and the elastic constant, respectively, of the particle; 
Vp is the surface energy of the particle and ypm is the particle-matrix interfacial energy. 
The debonding between the matrix and the particle will take place as long as A£ < 0, 
and will extend up to 


9c = sin~‘ 


^yp + 7m-ypm)Ep 'Y'^ 
Kl-Vp)"<T„ _ ' 


( 10 ) 
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Clearly, this crack can propagate into the matrix if the size of the particle is such that 

r^E^y^/[2il-vJ^a^smd,l ( 11 ) 

If r is smaller than the quantity on the right, the load must be increased to the level given 
by (8) in order to fracture the matrix. 

The surface energy of the particle, that of the matrix, and the particle-matrix 
interfacial energy play a vital role in determining the mode of fracture. The 
experimental determination of these energies is difficult and sometimes unreliable 
because of the segregation of impurities. The predictions of the above analysis may also 
become unreliable due to kinetic factors. 


3. Plastically deformable composites 

The phenomenon of fracture in a composite with a ductile matrix is commonly 
encountered in metals and alloys with inclusions. As composites contain a combination 
of phases, it is instructive to explore first the mechanism of fracture in a ductile single¬ 
phase material. 

It is observed that cavities form in front of propagating cracks. It has therefore been 
assumed that vacancies in the highly strained region condense into voids. Under 
appropriate conditions of stress, these voids give rise to propagating cracks leading to 
the failure of the material. However, Balluffi and Siegel (1955) contend that the excess 
concentration of vacancies produced due to strain is not sufficient to lead to the 
homogeneous nucleation of voids, and that nuclei for void formation must pre-exist in 
the specimen. It is well known that cavities may also nucleate through a host of other 
mechanisms. For example, grain boundary sliding at low strain rates and intermediate 
temperatures gives rise to voids; and under such circumstances any factors preventing 
grain boundary sliding would also suppress the nucleation of cavities. Smith and 
Bamby (1967) have observed the nucleation of cavities at dislocation pile-ups, while 
Davies and Williams (1969) have observed this process taking place at twin-grain 
boundary intersections. All these mechanisms are operative at sites with large stress 
concentrations. 

Such stress concentrations exist in the neighbourhood, of the particles in a composite, 
and cavities form there either by cavity nucleation as in pure materials, or by mechanical 
decohesion of the matrix-particle interface as explained in §2. Thermodynamic 
analysis (Greenwood and Harris 1965) shows that if yp„ < 10“^ mechanical 
decohesion is the most likely mode for cavity formation. Brown and Stobbs (1971) have 
estimated the critical strain for mechanical decohesion. A comparison of this estimate 
with the experimental value observed in a composite of silica particles dispersed in 
copper (Palmer and Smith 1968) indicates that the theoretical value is highly 
overestimated. This poses a problem, because a thermodynamic analysis provides 
necessary conditions and therefore minimal estimates in general. The discrepancy here 
may be attributed to the relaxation of stress observed around the smaller particles by 
the formation of prismatic loops. However, no such stress relaxation occurs around 
large particles and voids are readily formed there. Given a detailed understanding of the 
mechanisms of void creation, no quantitative theory of the fracture process under 
consideration is available, because the process is ultimately controlled by local stresses 
and strains, which in turn are governed by the shape and distribution of the particles in 
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the matrix. Moreover, once voids are formed, the stress induces further growth and 
both the volume and the shape of the voids change, with the actual strain history 
exerting a significant influence. 

Mcclintock (1968) proposed the first model for the growth of a cylindrical hole in a 
hardening plastic matrix. Subsequently, Rice and Tracey (1969) investigated another 
model for the growth of a spherical hole in a non-hardening plastic matrix and 
proposed a nonlinear relation between the radial velocity of the void surface and the 
applied strain field. Jalinier (1981) applied the linear version of the model to the damage 
observed in sheet metal. For a void caused by the decohesion of the particle-matrix 
interface as well as for a void generated by the cracking of the particle, e where 

Si is the relative extension of the void in the /-direction and e ® is the applied strain field 
far from the void. For dccohesion, B, is a function of the ratio 62 /^i of the principal 
strains, which for fragmentation is a constant « 4. These theoretical results agree well 
with experimental observations. 

The growth of the voids leads to failure by two possible mechanisms. The material 
between growing voids starts getting thinner till a necking instability sets in, resulting in 
the coalescence of the voids and eventual fracture. It is also possible that at some stage 
in the growth of the voids, conditions become ripe for cracks to originate from the 
voids, as explained in § 2 . 


4. Conclusions 

Fracture in particulate composites is an important area in need of viable theories. The 
difficulties arise from the complexity of the stress distribution in an inhomogeneous 
material and the dependence of the fracture process on highly local stress and strain 
conditions. Estimates based on energy considerations have led to some understanding 
of the phenomena involved, but much remains to be done. 
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Discussion 

P Rodriguez:,Why has the dislocation pile-up at the interface not been taken into 
account? 
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S Ray: Dislocation pile-up treatments are suspect. All these effects have been put into 
an experimental parameter e„. 

V C Sahni: What is the implication if you have an interface of finite thickness? 
Ray: I do not know the answer at present. 

G Srinivasan: Is there an essential difference between the way a crack propagates in 
metals and insulators on the one hand, and in crystalline and amorphous materials on 
the other? 

Ray: There is no appreciable difference. 

K Srinivasa Raghavan: What about the possibility that the crack nucleates at the 
interface and goes into the matrix or the particle as decided by the relative moduli? 
Ray: It is possible to treat this case along the same lines, but my interest has been in the 
problem of incipient cracking of the particle. 
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Abstract. Mechanical behaviour is decided by the structure and kinetics of defects in 
materials. External forces play an important role in determining the growth, decay and motion 
of defects. In addition there is an inherent fluctuation in the various microscopic characteristics 
of the system as the latter acts as a *heat bath'. A disturbance that is set up in the system is 
affected by these fluctuations. The response of the system to external forces can be related to 
the behaviour of the system due to intrinsic fluctuations in the absence of impressed forces. 
This is the basis of relation between study of fluctuations in the system and various relaxation 
phenomena observed. It is proposed to discuss certain features of this subject in relation to 
various material properties. 


DiscussioD 

A P Pathak: What kind of information does one get about defects and defect 
structures from small angle neutron (or x-ray) scattering? For thin specimens charged 
particle scattering (channeling as well as backscattering) gives detailed information 
about all kinds of defects and defect structures. How do the two techniques compare as 
regards defect studies? 

K R Rao: As I have explained in my talk, small angle scattering (x-ray or neutron) can 
give information on the average size, number and distribution of defects present in a 
solid (x-rays and neutrons give essentially similar information). Electron microscopy 
and charged particle scattering give useful information on point defects. Charged ionic 
particles in channeling experiments, for example, have helped one to decide whether 
certain impurities are substitutional or interstitial. However, such experiments 
generally require single crystals, and such studies have mostly been confined to ‘ideal’ 
defect studies. Small angle neutron scattering has the advantage that it can be used with 
bulk systems with large beam diameters, but the intensities are limited at present. 

G Venkataraman: It seems to be of interest to consider, say, a creep experiment set up 
in a neutron beam. By studying the small angle scattering, one could perhaps learn 
something about the kinematics of defects during the course of deformation. 

G Ananthakrishna: How do you measure the two-time correlation function in 
nonlinear systems? 

Rao: I believe that non-stationary situations are the ones being investigated currently. 

G Ananthakrishna: Binder remarks that coarse graining leads to fuzziness of the 
spinoidal boundary. How would one measure such an effect? 


•Only a summary is presented. 
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Rao; My guess would be that perhaps one ought to start with compositions 
corresponding to the fuzzy boundary, and then carry out experiments quite similar to 
the ones I have already described. 
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Abstract. The phenomenology of aperiodic or chaotic behaviour is described with reference 
to simple theoretical models and experiments. A brief description is given of the current 
understanding of how irregular dynamical motions can arise. 

Keywords. Chaos; nonlinear dynamics; turbulence. 


1. Introduction 

In the past few years, an intense effort has been devoted towards the detailed study of 
intrinsically random phenomena. Random phenomena are plentiful; in this talk, I will 
attempt to give a brief introduction to the rather simple concepts that at present 
underlie a basic understanding of chaos or irregularity, and the onset of turbulence. 
Many of the ideas are novel and interesting; whether or not these concepts are directly 
applicable in the context of mechanical behaviour as discussed in this Meeting is not 
entirely clear, but that is more a problem of application. This talk will be primarily 
phenomenological and qualitative without much emphasis on the mathematics 
(although much of the insight in this field really comes from the mathematics). Rather 
than give explicit references through the text, I prefer to list in the bibliography several 
articles that discuss these concepts in greater detail. 

It is of interest to examine families of (nonlinear) systems rather than particular cases, 
as this type of study is apt to reveal more of the general behaviour. Typically, such 
systems can be p^ametrized by some physical variable such as temperature, pressure, 
applied voltage, etc. In many situations, the following general pattern has been seen to 
occur as a function of the relevant control parameter: 

^ . transitional erratic 

Smooth behaviour—range —^ behaviour 

periodic-> ?-> aperiodic 

A few examples are given below. 

(1) Heart beats are possibly the most familiar instance of regular, periodic behaviour. 
As a function of applied stress (for example during physical exertion), we can easily 
observe the period changing as the heart beats faster. When this exertion is now coupled 
with oxygen availability, when one is climbing a mountain, say, the period can change 
drastically, and in fact may become quite erratic. This has unfortunate physiological 
effects (death is likely), and emphasises the importance of a transition from regular to 
irregular behaviour under the variation of a control parameter. 

(2) A less familiar example occurs in the study of animal populations. This assumes 
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importance in livestock farming or fishery management, where it is necessary to know 
the behaviour of the population as a function of time, typically from generation to 
generation. One can in fact write fairly simple equations (of the difference, differential, 
or differential-delay type) to describe the population, where the control parameters are 
the food supply and the reproductive ability. These simple equations can give rise to 
totally chaotic behaviour for some values of these parameters. 

(3) An example that I will discuss later on has to do with the onset of turbulence. In the 
classic Rayl^igh-Benard experiment, when a liquid is heated, convective motion is 
established within the liquid. As the rate of heating is increased, the motion can become 
quite irregular, leading eventually to the full scale turbulence which is seen in the boiling 
liquid. 

(4) It is possible that in a material under stress, this kind of behaviour is present as well, 
as may be deduced from the equations that model serrated yielding, for some values of 
the applied strain. 

There are several more examples that one could cite. What is important, however, is 
that chaos is a dynamical phenomenon, and is abundant, in that it occurs frequently in 
nonlinear situations. (Nonlinearity of the dynamical system is a necessary condition for 
chaos, but is not a sufficient one.) 


2. Dynamics 

We define a dynamical system in terms of one independent variable, such as time, t, one 
or more dependent variables, (t), and an external (control) parameter, fi. One requires 
a prescription to determine the evolution of the dependent variables. This is done via a 
system of differential equations, 

^x,(0 = F4x(0), (1) 

or difference equations, 

Xf(; + l) = F^(x(/)), (2) 

The index j plays the role of a discrete time in the latter case. The parametric dependence 
is contained in Given these and a set of initial conditions, it is straightforward 
to obtain the time evolution of the dependent variables. This defines an orbit, and it is 
the behaviour of these orbits as a function of time that describes the dynamics. 
It is customary to examine the dynamics in the phase space of the variables 

Xi(0. i = 1,2 ... 

We can simply define regular behaviour as motion, Xj (t), which is predictable. That is, 
the dynamical variables are periodic functions of time, or combinations of periodic 
functions, i.e,, quasiperiodic functions. Irregular or chaotic motion is, in contrast, 
unpredictable, and therefore is given by an aperiodic function (equivalently, of infinite 
period). It is important to emphasize that these motions are discussed entirely in terms 
of deterministic evolution via (1) or (2). Chaotic motions arise independent of random 
noise or fluctuations. In fact, it is customary to label such intrinsic erratic behaviour as 
self generated chaos. 

The notions of regular and chaotic motion can be quantified in several ways. A direct 
and rather obvious means is through the spectral or Fourier analysis of the orbits. 
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Regular motion leads naturally to a discrete Fourier spectrum, since the motion is 
either periodic or quasiperiodic. The spectrum for chaotic motion must necessarily be 
continuous owing to the aperiodicity any and all frequencies—in particular, zero- 

frequency). Another means of distinction is based on the Liapunov instability of orbits. 
The euclidean distance between regular orbits can grow linearly; whereas, between 
chaotic orbits, it grows exponentially. It is also possible to examine the orbits 
themselves, to get an idea of how they develop in phase space. When there are n 
dependent variables, corresponding to m degrees of freedom, the phase space is of 
dimension n (Xi{t); i = 1, 2,..., n). Examining the motion in this n-dimensional space 
is a difficult task. One can, however, essentially accomplish this by examining the 
Poincare surface-of-section. This works best when the number of degrees of freedom is 
small, m = 2 or 3. To construct a surface of section, one chooses a particular plane in the 
phase space, and locates the point of intersection each time the orbit passes through this 
plane. If a given orbit is examined for a sufficiently long time, there are several points of 
intersection, and these give an idea of the geometry of the orbit. For regular motions, 
the points of the Poincare section lie on smooth curves, whereas for chaotic motions, 
these points are scattered apparently randomly in the plane (independent of which 
particular plane is chosen). 

In discussing dynamical systems, it is useful to distinguish between conservative 
systems (where the volume of phase space is constant in time) and non conservative 
systems (where this volume changes with time). The behaviour is somewhat different in 
the two cases. In most physical situations one encounters dissipative, nonconservative 
systems, owing to the presence of frictional forces, and in that sense these systems are 
more important. It is however necessary for completeness to describe in brief the 
behaviour of conservative systems. 

2.1 Conservative (Hamltonian) systems 

The most common examples of conservative systems are Hamiltonian systems, wherein 
one can define a Hamiltonian function, H (x). As general dynamical systems, these have 
n = 2m dependent variables for m degrees of freedom. Thus, the phase space is of 
dimension 2m; m of these variables are ‘coordinates’, and m are their conjugate 
‘momenta’. Evolution is governed by Hamilton’s equations. (In the discrete case, the 
requirement of constant phase space volume is replaced by the condition that the 
Jacobian of the transformation in (2) have the value ± 1). One can further separate such 
systems into two classes; integral systems and nonintegral systems. In the former class, 
it is possible to make a canonical transfomaation such that H (x) is given in terms of m 
(in general, new) ‘momentum’ variables alone. These are constants of the motion, which 
is then constrained to lie on well-defined geometrical objects, namely, m-dimensional 
tori in the phase space of dimension 2m. Thus the motion is always regular. We can 
regard nonintegrable Hamiltonians as arising from integrable ones by the addition of 
perturbation terms (depending on /x), such that H can no longer be expressed as a 
function of m momentum-like variables alone. There is then no guarantee that the 
motion will lie on m-dimcnsional tori. The powerful kam theorem applies in such cases. 
Loosely speaking, this theorem states that, depending on the magnitude of the 
perturtetion, some of the tori that exist in the integrable case get distorted, and some of 
them are destroyed. When the tori are merely distorted, the motion still remains 
regular; but when they are destroyed, the orbits are free to wander over all of phase 
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space, and can therefore become highly irregular and chaotic. The phenomenology of 
Hamiltonian chaos is in fact extremely bizzare and involved; this erratic behaviour 
basically arises from the complicated interactions between internal resonances. The 
foregoing is a cursory description of the bare essentials of the matter. As a simple 
example, consider the discrete map 

Xi+i=^ (3) 

J'(+i = + (4) 

This roughly models the Poincar6 surface of section of an m = 2 degree of freedom 
Hamiltonian system. Orbits are constructed by iterating points in the xy plane under 
the above transformations. Depending on where one starts, successive points in figure 1 
can lie on a smooth curve (A) or on a set of smooth curves (B)—these correspond to 
regular motion on tori; or else the points can be scattered all over the plane (C)—this is 
a chaotic orbit and is not confined to any simple geometrical object. In general, the 
motion can be extremely complicated. This is both typical, in the sense that most 
nonlinear Hamiltonian systems are likely to be nonintegrable, and pathological, in the 
sense that for any nonzero value of /z, a nonintegrable Hamiltonian will exhibit some 
chaotic motions. 

2.2 Dissipative systems 

As already mentioned, dissipative systems are more common, and thus more pertinent. 
A typical example is provided by the forced-beam problem. A beam of length b is 



Figure 1. Orbits in the xy plane induced by the discrete transformation of equations (3)-(4), 
A and B are examples of regular motion, while the set of points C is typical of the Poincard 
section of a chaotic orbit. 
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pinned at two ends, separated by distance I When / is less than the beam length, the 
beam settles into one of the two symmetric equilibrium configurations. A sinusoidal 
force is applied at the ends, and the beam oscillates about the equilibrium position. As 
the excitation increases, however, the rod begins to snap back and forth between the 
two equilibria. If w(x, t) is the lateral displacement, 

w(x, t) = ^(t)sia(7cx). (5) 

For small forcing amplitudes, /^{t) is a periodic function; but as the forcing amplitude 
increases, ^{t) can become quite chaotic. The problem can be properly formulated 
mathematically, and simplified to a more familiar problem, the Duffing equation. The 
latter describes a simple nonlinear forced oscillator with frictional damping, 

X + ax 4- X + = /cos (cot). (6) 

This example is sufficient to illustrate much of the phenomenolog>\ When 
a = jS =/ = 0, (6) corresponds to the equation of motion of a simple harmonic 
oscillator of unit mass and frequency. The motion in phase space is extremely simple: a 
circle in the xx plane, given by the parametric equations, 

x(0 = A cos (cot + (j)); x(£) = — i4 sin (cot + (f)). (7) 

The motion is trivially regular. If damping is now introduced, keeping ^ = / = 0, one 
has damped harmonic oscillations; the motion how consists of orbits that spiral 
exponentially into a sink at x = x = 0. When forcing is also included, one has a limit 
cycle behaviour, i.e., orbits converge asymptotically onto a limiting structure in the 
phase plane, and the motion is periodic on this limit cycle. 

The sink and the limit cycle are examples of simple attractors. When nonlinearity is 
included in the equation of motion, it is possible to have more complicated attractors— 
in particular, strange, or chaotic, aperiodic attractors. One early example of such an 
attfactor was found by Lorenz in a 3-mode truncation of the Navier-Stokes equation 

X = 10(y-x), 
y = tix-y-xz, 
z = xy-Sz/3. 

The strange attractor (sa) that occurs in this system is shown in perspective in figure 2. 
The orbit spends random amounts of time on the two distinct portions of the attractor. 

sa’s are crucial in one picture of the onset of chaos and turbulence, the Ruelle-Takcns 
model. Here chaos is presumed to occur by the creation of sa’s, and the mechanism is as 
follows. Solutions to (1) are studied. For small /x, some simple periodic motion is 
present; as /i increases, (Hopf) bifurcations occur; the motion is still regular, but now on 
m-dimensional tori, where m > 1. When two such bifurcations have occurred, then it 
can be (mathematically) proven that any small perturbation suffices to create a sa, and 
hence chaos. 

Currently, there exist several such scenarios for the onset of chaos and turbulence, 
each applicable in different circumstances. In the so-called Feigenbaum picture, we 
consider systems described by (1) or (2). As a function of the parameter ji, the following 
behaviour pattern occurs. For /t < /Xq, there is some kind of a simple sink. At jiq, a 
bifurcation takes place and an orbit of period t becomes stable and attracting. 
(Technically, this is through a ''pitchfork” bifurcation). As /x is increased beyond a certain 
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Figure 2. The strange attractor in the Lorenz system, equation (8), for // = 28. The attractor 
consists of two almost planar portions, and the orbit wanders chaotically from one side to the 
other. 


value iii^ the period -1 orbit loses stability, but one of period 2 t is born which is now 
stable and attracting. At a higher value 112 another bifurcation takes place, with the 
period-2T orbit losing stability while a period-4T orbit becomes stable. This process 
repeats itself; at a period-2"T orbit bwomes stable and attracting while the period- 
2 "“^t orbit loses stability. In the limit, one has a 2®T-period orbit, i.e., an orbit of 
infinite period, or chaos. The interesting thing is that is finite—the period-doubling 
cascade occurs quite rapidly, and furthermore, the rate of convergence of the 
bifurcation points, 

S-l^nZhzl. (9) 

logarithmically approaches 5 = 4-669201609 ... as n oo. The most surprising fact is 
that the number d is universal for a large general class of F^. The precise form of F^ does 
not matter (within certain restrictions). Wherever the period-doubling route to chaos is 
found, the number 5 that one computes from measurement is identical to that found by 
Feigenbaum (i.e., 4-669 ...). Historically, this number was discovered in a study of the 
discrete one-humped map of the unit interval known as the logistic equation, namely, 

Jc(7 + l) = /iJc(;)[l-*(;■)], 

0 < X < 1, 0 < /i < 4. (10) 

(In fact, there are several other universal constants that can be found within such a 
picture.) The period-doubling route to chaos has been seen to occur in a wide variety of 
cases—^in abstract maps such as (10), in diflFerential equations such as (8), in a variety of 
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theoretical experiments modelling chemical reaction kinetics, in forced oscillator 
problems, in a seven-mode truncation of the Navier-Stokes equation, and even in the 
equations that model repeated yielding in mechanical behaviour. Most crucially, 
though, a number of physical experiments have also confirmed this picture. The 
Rayleigh-B^nard flow problem mentioned earlier is one such. In this experiment, liquid 
helium is heated at around 4 K, and the temperature at a point within the cell is 
monitored as a function of time. The Rayleigh number, R, plays the role of the 
parameter /x. For low R, convective rolls are formed in the experimental cell; the motion 
is periodic. As the temperature is raised, the motion begins to become turbulent. The 
Fourier transform of the temperature as a function of the time clearly shows the 
existence of a basic frequency,/, and the subharmonic bifurcations, which give rise to 
peaks at//2, //4, //8, //16, etc. (see figure 3). The Feigenbaum constant computed from 
this experiment turns out to be about 4*8, amply confirming the general theory. 

It must also be mentioned that the Rayleigh-B6nard experiment prepared differently 
displays the Ruelle-Takens behaviour as well. There is yet another common mechan¬ 
ism, intermittency, through which chaos can occur, via “tangent” bifurcations. Prior to 
the onset of full-scale chaotic behaviour, there are long periods of time when the motion 
is perfectly regular, interspersed with short bursts of erraticity. This route too can be 
observed experimentally. 

In dissipative systems, chaos comes about in a manner different from that in 
conservative systems. Essential ingredients are bifurcations and attractors. One can 
have either period-doubling bifurcations and a periodic attractor in the Feigenbaum 
scenario (thus only one independent frequency), or bifurcations from a period orbit to 
tori, followed by a strange attractor in the Ruelle-Takens picture (thus at most three 
independent frequencies). 


3. Summary 


This talk has only briefly touched upon the basic phenomenology of irregular motion. 
Much of the interest in nonlinear dynamics arises from the existence of a large 
component of the unexpected and the counterintuitive. I have tried to outline the 



Figure 3. Period doubling sub- 
harmonics in the temperature 
power-spectrum of liquid helium in 
a Rayleigh-Benard experiment 
(from Maurer and Libchaber, loc. 
dt.). 
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various paths or routes to chaos; unavoidably, there are gaps in this short presentation. 

Although much progress has been made, there are still several open questions. For 
example, there is no minimal (or maximal) degree of complexity necessary to ensure 
chaos—very nonlinear systems can be integrable, while even the simplest (cubic) 
nonlinearity can induce chaos. And at the microscopic level, which may or may not be of 
interest here, quantum effects occur, and there is no clear understanding of how this can 
modify classical chaos. 

When it does occur, chaos can have important consequences. For one thing, it 
becomes possible to apply statistical methods to advantage, if the behaviour is 
sufficiently random-like. On the other hand, chaos may be an undesirable feature if one 
wishes to remain in the region of the precisely predictable—this situation is common, 
for example, in particle storage rings where particle losses occur via erratic orbits: It is 
then essential to minimise or totally avoid chaos. The very ubiquity of chaos makes it 
necessary to examine dynamical processes in greater detail, whatever the context—this 
can well include mechanical behaviour. 
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Discussion 

G Ananthakrishna: Why is it often said that Landau’s theory does not give a correct 
description of turbulence? 

R Ramaswamy: The trouble with the Landau picture of turbulence is that as you vary a 
particular parameter, you have a series of bifurcations to the wrong geometrical object. 
These are in a certain sense bifurcations from a periodic orbit to a toroid, and thence a 
sequence of toroids. A limiting strange attractor does not appear. 

G Ananthakrishna: Which route to the turbulent state is followed in the Rayleigh- 
Benard case? 

Ramaswamy: It has been shown that all 3 routes may be followed. 

G Ananthakrishna: Is there any algorithm to get the Poincare map for multi¬ 
dimensional systems? 

Ramaswamy: It is a difficult process. 

S R Shenoy: Can one make a statement about the minimum order of the differential 
equations and of the nonlinearity in them in order to get chaos? 

Ramaswamy: This is difficult. We do not even have a clear way of predicting whether a 
system is going to be integrable or not. A minimum requirement for chaos is of course 
nonlinearity, but it is not easy to make a more exact statement of general applicability. 

K R Rao: Does the central peak in a second order phase transition have anything to do 
with chaos? 

Ramaswamy: There is no analogy at all between the onset of chaos/turbulence with 
any kind of phase transition. 

M Youssuff: How does one develop a probabilistic description of the chaotic state? 

Ramaswamy: One of the reasons for studying chaos is to determine when ergodic 
theory is valid. Clearly, at the. very least, chaos is needed for ergodicity to occur. 
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1. Introduction 

This talk is intended as an elementary introduction to the concept of fractals for non¬ 
experts. I shall try to concentrate on some of the qualitative geometrical features, and 
will not discuss more technical topics such as phase transitions on fractals. 

The organization of the talk is as follows: In § 21 shall briefly discuss the motivation 
for studying these unconventional geometrical objects. The intuitive notion of 
dimension is generalized in § 3 to include non-integral values of the dimension. Some 
illustrative examples are given in §4. Section 5 contains some concluding remarks. 

2. Motivation 

Fractals are geometrical objects having an effective dimensiondity which is non¬ 
integral. They are useful in modelling several quite different physical situations. It may 
not be unreasonable to hope that they would also be useful in describing certain aspects 
of the mechanical behaviour of matter. 

This situation is not entirely like that of a biochemist who tries to sell a ‘wonder drug’ 
without quite knowing which ailment it cures. In our case, the drug is acknowledged to 
be ‘neurosensitive*. Whether the effects are desirable or undesirable in a specific 
proposed application is not known beforehand. In some cases, for example in the 
understanding of the influence of dimensionality on critical phenomena near phase 
transitions, fractals have been found to be very useful. 

The mechanical specification of a system involves the listing of the variables in terms 
of which the state of the system is described (kinematics), and of the laws of mutual 
interaction and time-evolution of these variables (dynamics). The choice of variables in 
terms of which we characterize the state is important: unnatural choices lead to 
convoluted descriptions. An example of a bad choice of variables is the Ptolemaic 
insistence on describing planetary motion in terms of a superposition of uniform 
circular motions. A comparatively more recent example is the phrase ‘temperature- 
dependence of the Debye temperature’ used by some physicists around 1910 to describe 
the non-agreement of the measured temperature-dependence of the specific heat of 
materials with Debye’s theoretical predictions. 
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The introduction of fractals to describe the mechanical behaviour of matter has, first, 
a kinematical aspect. It has not yet been established that our difficulties in 
understanding the mechanical properties of solids are sufficiently acute to necessitate a 
substantial change from the conventional picture involving an ideal solid plus defects. 
However, the general trend of the discussions at this Meeting would seem to indicate 
that, near the plastic limit, the formalism is under stress. It may be useful to explore the 
possibility of alternative modes of description. 

Most text books on the mechanics of solids start out by classifying the defects in 
solids as point-, line-, surface-, or volume-defects. It is not surprising that the 
classification scheme is geometrical, and is almost universally preferred over other 
possible schemes (alphabetical, historical, mobile/immobile defects, annealed/quen¬ 
ched defects, etc.). The geometrical characterization of defects captures some of their 
most important features. It cannot be the whole story, but it is a useful place from which 
to begin. 


3. A definition of non-integer dimensionality 

It is well-known that the strength of solids is a strong function of the grain size and 
grain shape. Earlier it has been emphasized by Ranganathan that grains in 
metals are quite irregular in shape (Ranganathan 1984). A schematic representation of 
possible grain shapes on a two-dimensional lattice is shown in figure 1. Clearly, a 
material with compact hexagonal grains (as in figure la) would be different, mechani¬ 
cally, from a material with very ramified grains (figure Id). It would be useful to have a 
numerical characterization of these grain shapes to be able to specify whether the grains 
are compact objects with a few holes, or are ramified and stringy. Roughly speaking, a 
compact volume, a disc-like shape, and a string-like shape respectively would behave 
like three-, two- and one-dimensional objects. A numerical characterization of 
attributes such as ‘stringiness’ often gives rise to nonintegral answers, when applied to 
objects of complex geometrical shapes. Such objects may be said to have a non-integral 
dimension and are called fractals (Mandelbrot 1977, 1982). 

What is meant by saying that an object has dimension 1-5? For that matter, what is 
meant by saying that an object is three-dimensional? Before giving a definition of 
dimension, which is generalizable to non-integral values, it is useful to remember that 
the dimension we assign to an object depends very much on our choice of its 
representation. A ball of wool may be represented as a point, or a sphere, or as a tangled 
line (having dimensions 0,3, and 1 respectively) depending on our scale of description 
(Mandelbrot 1977). The dimension we assign actually pertams to the mathematical 
representation of the object, and not to the object itself. 

In order to be useful, a definition of dimension must be simple, robust (insensitive to 
small changes in geometry), and should agree with our intuitive notion of dimension 

0 0 

(a) (b) (c) (d) 

Figure 1. A sequence of increasingly complex grain shapes (schematic). 
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when applied to conventional spaces (like manifolds). Several such definitions may be 
found in the literature (Mandelbrot 1977, 1982; Dhar 1977; Engelking 1978). In the 
following, we consider only the simplest of these. 

Consider a space in which the distance between two points, and a volume measure, 
are defined. Let V(R) be the volume of the set of points whose distance from an 
arbitrarily chosen origin is less than R. If V [R) varies as R‘^ for large R, for all choices of 
the origin, we define D to be the fractal dimensionality of the space. Formally, 

D= lim [log F(jR)/logl?]. 

R-*od 

Clearly, using this definition, a straight line has dimension 1 and a plane has 
dimension 2. Now consider the triangular gasket shown in figure 2. It consists of an 
equilateral triangle, the mid-points of the sides of which are joined together and divide 
the triangle into four smaller, equal triangles (three upright, and the central one 
inverted). Each of the three upright second-generation triangles is divided similarly into 
four third-order triangles. The 3^ upright triangles of the third generation are further 
divided to give 3^ fourth order triangles, and so on, ad infinitum. The gasket consists of 
all the points in the plane which belong to at least one of the line segments used in this 
division procedure. 

It is easy to see that the points belonging to the gasket have zero area, but that the 
total length of the line segments which constitute the gasket is infinite. It would thus 
seem reasonable to assign this set of points a dimensionality between 1 and 2. To 
determine the fractal dimensionality of the gasket we have to define the metric and a 
volume-measure for this case. The distance between two points is most simply defined 
as the Euclidean distance between them (alternatively, as the length of the shortest line 
joining them and lying completely on the gasket). The volume of an rth generation 
triangle with all inside points included is defined to be 3. Using these definitions, it is 
easy to see that 

V(1R) = 3K(R). 

Using the definition of D given earlier, this gives D = log 2 3 « 1-54. The triangular 
gasket is thus an example of a fractal. 

4. Other examples 

In the following we give some additional illustrative examples of fractals. For 
additional examples, and some very beautiful pictures, see Mandelbrot (1977, 1982). 



Figure 2. The triangular gasket. Only the 
edges belonging to the first, second, and third 
order triangles are shown here for clarity. 
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4.1 Lattice animals 

Lattice animals are defined as connected clusters of sites embedded on a lattice 
(figure 3). The problem of the determination of the mean values of the properties of 
animals containing a given number of sites, given that all distinct shapes of such animals 
have equal statistical weights, is called the random animal problem. This assumption is 
not true for crystal grains, as compact grains have lower surface energy, and are 
favoured thermodynamically. 

If a typical animal on a d-dimensional hypercubical lattice (d is an integer here) were 
compact, its maximum lateral extent R would vary as where n is the number of sites 

in the animal. It is found that random animals are typically stringy, and R varies as a 
larger power of n. In 3-dimensions, the dependence is r ^ Thus a random animal 
in 3-dimensions has a fractal dimension equal to 2 because n R^. 

4.2 Percolation clusters 

Consider a d-dimensional hypercubical lattice (d integral) in which each nearest- 
neighbour bond is, independent of others, unbroken (le,, connects the sites at its ends) 
with a probability p (figure 4). For small p values {p less than a critical value pj, a site 
chosen at random is connected to only a finite number of other sites through occupied 
bonds. In this case, the effective dimension of ±e clusters may be defined to be zero. For 
p > Pcy the mutually connected sites constitute a finite fraction of the total number of 
sites of the lattice, and form a d-dimensional network (with some holes). When p is 
equal to the critical probability Pc, the incipient infinite cluster has zero fractional 
volume, and is very tenuous. However, if we construct a sphere of radius R about a 
point, the expected number of sites connected to the origin varies as R^ where D « 1*6 
for d = 2. The infinite cluster at the percolation threshold is an easily-realizable 
example of a fractal. 


4.3 Soap powder 


If we look at soap powder under a microscope, it is seen to consist of a large number of 
particles of varying sizes. As in the case of crystallites in metals, the average linear extent 



a 


b 


Figure 3. Animals on a square lattice, (i) is a compact 
cluster, while (b) is stringy. 



Figure 4. A random configuration of unbroken bonds 
on a square lattice. 
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of these powder particles grows faster than the cube root of their mass, and can be used 
to define an effective dimension of the powder. We should expect the fractal dimension 
of soap powder to be between 2 and 3. The precise numerical value may perhaps depend 
upon its chemical structure. 

4.4 The distribution of galaxies 

The precise nature of the large-scale structure of the distribution of matter in the 
universe is not very well-known. According to one view, the distribution of galaxies in 
the universe is essentially uniform. However, a different picture, in which the universe 
shows clustering at all scales of length, is also consistent with experimental data. 
According to this picture, galaxies typically reside in clusters of galaxies, which 
themselves are part of clusters of galaxies and so on. Each cluster contains about 3 
subclusters on the average. The size of the cluster is appreciably smaller than inter¬ 
cluster distance, which implies that the number of galaxies in a sphere of radius R, 
centred at any particular galaxy, grows as with D <3. Thus the distribution of the 
galaxies in the universe shows a fractal structure. 

4.5 Coastlines 

The coastline of an island is typically a very zigzag line (figure 5), and its measured 
length depends very much on the size of the divider spacing (or calliper length) used to 
measure it (say, from a very detailed map). If we use a smaller divider spacing, we 
measure more of the small detours and turns that the line makes, and the measured 
length is larger. If the line is smooth at very short distances, then, as the divider spacing 
is decreased, the length will tend to a limiting finite value (which is defined to be the 
‘length of the line’). If, however, the line is rough at all length scales, we may find that 
L(s), the length measured when the divider spacing is s, varies as where D > 1. This 

D may be called the fractal dimension of the coastline. For several actual coastlines 
D = 1-2. For a Brownian motion path Z) = 2. 

5. Concluding remarks 

It should be clear from the preceding examples that fractals are not exotic, pathological 
objects dreamt up by mathematicians, but are very much a part of the world around us. 
They provide a natural description of the non-classical geometrical forms encountered 
in nature. It is this common geometrical character, and not the occurrence of fractional 
powers, which is the characteristic feature of fractals. Fractional power laws are, of 
course, encountered quite frequently in Nature. For two observables X and if 
varies as an integral power of Y (not equal to ± 1), then Y varies as a non-integral power 
of X. It is preferable not to use the term ‘fractal’ in the absence of a geometrical 
structure in the problem (as in, say, of stock-market prices). Fractals may also show up 
in the discussion of mechanical properties of matter in the context of dynamical 
response and the onset of chaos. A discussion of these aspects may be found elsewhere 
(Ramaswamy 1984). Additional references on fractals may be found in Dhar (1981). 

Fignre 5. A schematic representation of a coast¬ 
line. The line will show further wrinkles and 
detours, if observed on an expanded scale. 
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Discussion 

N Kumar: Are fractal dimensions and similar apparently geometrical concepts 
applicable to dynamics? 

D Dhar: Yes, there are connections. An example is magnetisation creep. 

G Venkataraman: These concepts have also been employed in describing turbulence. 

R Ramaswamy: Strange attractors have been shown to have well-defined fractal 
dimensions. 

S Ranganathan: Fractals may have some bearing on the shapes of second phase 
particles which influence mechanical properties. 
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Summary and outlook 

V BALAKRISHNAN 


As we are running short of time, I will be brief. I would like to begin by repeating the 
platitude (or self-evident truth!) that, just as approaches to a certain problem can be 
different, so can the motivations. A person may be motivated to study a problem for 
purely aesthetic reasons, and not out of any practical considerations at all; but the 
person should have the freedom to do so. To paraphrase what has been said by many 
eminent scientists: If a fraction of time spent in a subjective argument over different 
approaches to a problem was spent in actual computation using any of the techniques 
under contention, there would perhaps be no need for the argument because the 
problem would be considerably closer to resolution! Similarly, I feel that there is no 
need here to debate the respective motivations of physicists and metallurgists, including 
the question of what constitutes a problem and what is meant by a solution to one. All 
techniques, however mathematical or however empirical, are acceptable and indeed 
essential to make any headway in a subject as complicated as the one we have been 
discussing. 

I would now like to make two general comments, one taken from Prof. N Kumar and 
the other based on Dr K R Rao’s talk. In any given subject, theorists generally like to 
have the broad paradigms brought out so as to have a framework for further 
development. The general paradigm that is used in the area of mechanical deformation 
is of course that of dislocations. Given a paradigm, the theoretical physicist then faces 
the interesting question of the adequacy or otherwise of the paradigm in the light of 
subsequent experimental information. A well-known example is that of the soliton 
which is the “paradigm of the 80’s’* in several branches of physics. When certain regimes 
of essential nonlinearity are reached, the traditional plane wave-cum-superposition 
principle is no longer adequate, and new basic entities like solitons (or more generally 
lumps’) have to be introduced. So, in this sense, it is very relevant to ask whether, when 
we look at a practical problem like a large-angle grain boundary, the paradigm of the 
dislocation is still meaningful—notwithstanding the fact that in the limit of small 
angles, the boundary is describable in terms of an array of dislocations. Thus, a radical 
approach which gives up the idea of dislocations altogether would be worth examining 
further. Equally welcome are other approaches which bring out geometrical coinci¬ 
dences like the dsc lattice together with the idea of dislocations on this lattice. 

My second general comment concerns the experimental side. A large number of 
possibilites were catalogued systematically this morning by Dr Rao. Some techniques 
like acoustic emission, which perhaps have not been emphasized suflBciently for lack of 
time, should be explored more systematically. Turning to questions for theoreticians 
arising out of experiment, consider, for example, spinoidal decomposition and the 
various nonlinear theories of diffusion associated with it. What light does experiment 
shed on the cut-off and truncation procedures employed in Cahn’s theory and its 
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various modifications to include ‘higher order’ nonlinearities? What are the experi- 
mental inputs needed for a critical discrimination between the various theories—^in the 
manner, for example, critical experimental inputs to the theory of freezing were spelt 
out by Prof. Ramakrishnan in his lecture? You may recall that he pointed out how the 
shape of the structure factor really determines how good the approximation is and also 
serves as a self-consistency check. Something like that would be worth attempting for 
theories of spinoidal decomposition too. Perhaps this has already been done. I am 
tempted to recall a remark I came across once—think it was made by Frauenfelder in 
the early days when many nuclear physicists were getting into solid state physics via the 
Mossbauer effect—^that it is always a big surprise to a person getting into another field 
to realize that the “natives were not as stupid as they seemed from outside”, and that all 
the obvious things had been done! I am sure all the physicists here have this realization 
about metallurgy. 

There are some other points of interest which I should like to mention, although my 
list will surely reflect my personal bias as a theoretical physicist. Consider for example 
the general question of nucleation and discontinuous transitions. The diversity and 
richness of the phenomena encountered here were well brought out in the talk by Dr 
Wadhawan. It seemed to me that considerable work remained to be done to get the 
‘theory’ here to the same stage of development as has been reached for continuous 
transitions. Another point which struck me relates to describing things in terms of 
disorder rather than order. For example, when one considers systems with quenched 
disorder, one starts with simple models, but pretty soon when the defect density 
becomes high, one introduces things like disorder variables. Starting from the high- 
temperature phase, one can then use duality properties, for instance, and get 
information on the ordered phase as well as on the defects in the ordered phase. This is 
more fruitful than attempting to start at the ground state and work one’s way upwards. 
Perhaps when the dislocation density is very high, this kind of approach may be 
useful—^indeed, I should think that recent ideas on ‘solid-state turbulence’ are 
preliminary steps in this direction. But a great deal of work remains to be 4one to 
‘quantify’ the properties of random tangles of dislocations, etc. Starting from the theory 
of liquids is of course carrying the idea of coming in from the disordered phase to its 
ultimate, but this may be too basic for the purpose I have in mind here. The theory of 
freezing we heard about was aptly named, for it did not deal with the question of how to 
go from the solid to the liquid phase, i.c., how to restore the broken symmetry. A 
complete picture of the transition should of course give us an idea of this obverse side of 
the coin, too. 

I would also like to emphasize a point that Dr Ramaswamy made during his 
presentation. When one tries to apply ideas like chaos to mechanic^ behaviour (as has 
been initiated by Dr Ananthakrishna), it would be good to try and obtain first a model- 
independent characterization of the basic variables in the mechanical behaviour 
problem. It is very interesting to demonstrate that chaos appears in specific models of 
dislocation dynamics. Presumably the phenomenon is much more general. So one 
would like to know what the minimal set of relevant variables is, and so on, in order to 
extract model-independent information to the extent possible. This is all the more 
important in an area like chaos because we know that ‘neighbouring’ dynamical 
systems can have widely different behaviour. We should at least be able to put various 
models of dislocation d3mamics into their appropriate ‘universality* classes. Only then 
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can one undertake a critical examination of the role of various physical parameters in 
inducing bifurcations, chaotic behaviour, etc. 

Having mentioned chaos, I should also like to make a remark on the slightly older 
paradigm of solitons, nonlinearities, etc. It may be relevant to ask whether non- 
linearities of the kind that arise in the continuum elasticity theory Dr Sahoo talked 
about, can help to stabilize nondissipative structures like solitons—and if so, what are 
these? Are they the analogues of dislocations in discrete models? This is no doubt an 
entirely theoretical kind of question, but I am sure that it would aid progress if we 
understood the basic reason why these objects get stabilized. 

I realize I have essentially been conveying the prejudices of a theorist but that is 
because I am not really competent to say much about the experimental possibilities. 
However, I will emphasize that this is a field in which observation is prime. We want 
facts. However, I should like to heartily endorse a point made by Profi K umar . Given 
the plethora of facts and the very large number of variables involved in the field of 
mechanical behaviour, physicists generally find the going difficult since they like things 
to be presented in terms of basic features, or very general arguments and reasons. To 
snow a physicist with a mass of metallurgical details sounds a bit like French grammar 
where you list all the irregular verbs and exceptions ad nauseum. So, if I may make an 
appeal—it would be nice for the metallurgists to intentionally oversimplify the problems 
that they face when presenting them to a physicist. After he gets interested and starts 
answering questions, you can ‘bring him down to earth’, as Prof. Srinivasaraghavan 
said, by gradually including the complications; otherwise there is a tendency for him to 
get turned off right in the beginning. This approach will also help sift and place all the 
facts in order of importance and relevance, in itself a worthwhile and by no means 
trivial task. Fortunately, in the talks we have had during these three days, this has, by 
and large, been achieved. Many of us physicists have noted down at least some things 
that are general features, notwithstanding exceptions, and I am sure some of us will 
actually explore at least the simplified cases. In that sense, I think, this Meeting has 
worked out well. 
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Panel discussion 

Prof. S K Joshi, Department of Physics, Roorkee University 

Dr R Krishnan, Metallurgy Division, Bhabha Atomic 
Research Centre 

Dr V C Sahni, Nuclear Physics Division, Bhabha Atomic 
Research Centre 

Dr S Ray, Metallurgy Department, Roorkee University 
Prof. N Kumar, Department of Physics, Indian Institute of 
Science 

Prof. Joshi: We have had a busy and very fruitful Discussion Meeting. This is the last 
session, and we are gathered to hear the reactions of the panelists, as well as their 
suggestions. There are no restrictions or guidelines, and the panelists are completely 
free to express wh^t they feel. I shall alternate between metallurgists and physicists, and 
will start with Dr Krishnan. 

Dr Krishnan: During the past three days I have informally talked to many of the 
participants, and I have come to the conclusion that this Meeting has been a unique 
experience. I suggest it should continue as an annual feature—^if not on the same 
subject, at least on topics of an allied nature. 

A general remark I would like to make is that many of the theoretical papers have 
shown that it is necessary to take the theoretical aspects more seriously and also utilize 
mathematical and physical concepts in explaining some of the behaviour of materials. 
On the other hand, I also felt that perhaps it is not necessary to explain some of the well- 
accepted observations the metallurgists have made. It would be more useful to 
complement the metallurgists in a suitable manner. 

One topic not fully discussed at this Meeting is fracture. Why are we interested in 
obtaining a better understanding of the physical basis of riliechanical behaviour? 
Essentially it is so that one can design better materials which will withstand service 
conditions. For instance, one might be interested in designing a material with good 
fatigue resistance or good creep resistance. We know that materials can fracture in 
widely different ways—ductile, brittle, cleavage etc. On the opening day, Prof. 
Ramaseshan has already pointed out how important it is to know the stress corrosion 
cracking behaviour of materials under service environments. 

Take the nuclear field, as an example. The iodine produced as a fission product can 
interact with the zircaloy clad and make the clad susceptible to stress corrosion 
cracking. The basic question here is: What does iodine do under stress to the grain 
boundary? Is there a decohesion caused by a lowering of the cohesive energy of the 
grain boundary which is locally under stress? Is it possible to predict which atomic 
species (like iodine) are efficient in lowering the cohesive energy? Theoretical studies of 
this problem coupled with suitable experiments will go a long way in establishing 
interplay between physical concepts and metallurgical interests. 

Another example, again from the nuclear industry, relates to the irradiation creep 
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behaviour of zircaloy coolant tubes. While the reactor itself has a life span of about 30 
years, one is forced at present to change these tubes once in every 12 yrs or so because of 
irradiation creep. To develop a material that will be good for the entire life span of the 
reactor, we must perhaps introduce new ideas. One should examine how the texture {i,e. 
the preferred orientation) and grain shape influence irradiation growth of the material. 
Perhaps, as Prof. Ranganathan suggested, one could use the concept of fractals to 
characterize grain shape topology— and thus have a better measure for studying and 
characterizing irradiation growth. 

These are some examples of practical problems where there can be a meaningful 
dialogue between physicists and metallurgists. They involve finding real-time solutions 
to real-life problems based on an understanding of the basic behaviour of materials. 

Prof Joshi; Thank you, Dr Krishnan, for pointing out some problems where physicists 
and metallurgists could come together. We now turn to Dr Sahni. 

Dr V C Sahni: I would like to go back to the remark which Dr Venkataraman made on 
the opening day. He was looking at a certain matrix element and trying to find out 
whether it would be zero or non-zero at the end of the Meeting. Now metallurgists are 
essentially practitioners. In fact, you would have noticed this from Dr Krishnan’s 
remarks. On the other hand, physicists are a different kind of people. They tend to look 
behind a phenomenon, try to understand it from an atomistic basis and so on. 

An analogy comes to my mind at this point. Consider the automobile engine. 
Obviously there are (automobile) engineers who design such objects. But there are also 
people trying to understand the basics of the combustion process tools like Raman 
scattering. The hope is that such basic studies can lead to the improvement of the 
efficiency of the engine. 

Physicists cannot from the word go come up with solutions to the practical problems 
of metallurgists. The important thing is they try to analyze the microscopic basis for a 
particular type of behaviour. In turn, the metallurgist can build on this instead of 
relying on a phenomenological understanding of the situation. Of course this is the way 
science progresses. 

So, coming back to the point Dr Venkataraman made about whether there is an 
overlap matrix element or not, I think we really have to look at the interface between the 
two disciplines. As Prof. Ranganathan’s talk clearly brought out, a topic like the large- 
angle grain boundary is something which physicists can examine from an atomistic 
point. If some light is shed, then perhaps it will enable the metallurgists to come up with 
better materials. In short, physicists can via tools of their own (like fluctuation 
spectroscopy) explore microscopic processes which in turn can form inputs to the 
metallurgical aspects. So my own view is that the matrix element might not be as.large as 
one would hope for, but it is not zero either. I am in agreement with Dr Krishnan that 
exercises like this Meeting should continue. Hopefully, if ^e repeat it a couple of times, 
we may converge on something significant and improve the matrix element in the 
future. 

Prof. Joshi: Thank you, Dr Sahni. I think the value of the matrix element depends on 
the “frame” of reference just as Deepak Dhar pointed out that the length of a coastline 
depends on the length scale used for measurement. Locally the matrix element is 
sometimes positive and sometimes negative. What we must all do is to go to a scale 
where it becomes globally positive! I now request Dr Ray to give his views. 
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Dr Ray: Before we try to explain the mechanical behaviour of a material, we must first 
define the mechanical state of the material. Important in this context is a proper 
description of the grain boundary concerning which Prof. Ranganathan described a 
beautiful model. However, from the questions that were raised after that talk, I can see 
that there are limitations to that model. One wonders what the correct description of 
the situation at the grain boundary should be. May be something will emerge in the 
future. 

One topic on which we did not focus is vacancies, especially their role in defining the 
mechanical state of matter. Vacancies play an important role as we know from 
annealing experiments on cold-worked samples. They are also pertinent to certain 
aspects of plastic deformation. 

Next comes the grain shape. We all know that the grain shape is probably important 
but we do not yet know how to describe it quantitatively. Probably, the fractal concept 
might help us. 

Let us now consider the transition from the elastic to the plastic regime. We used to 
think of this in terms of dislocations becoming mobile and multiplying. Now they are 
being described in terms of fluctuations, bifurcations, chaos and what not! Incidentally, 

I would like to point out that for bcc metals, there is a temperature below which this 
transition does not take place; for fee metals however, this does not hold. All facts taken 
together, the picture to my mind is a bit puzzling. Is the elastic to plastic changeover 
reily a transition or the emergence of a stable fluctuation of a particular kind? 

Prof. Joshi: Thank you, Dr Ray. I now invite Prof. Kumar who has all along been 
making illuminating remarks from the floor, to give us his views as a panelist. 

Prof. Kumar: I believe it is a part of conventional wisdom (which goes back to the 
Greek philosopher Lucretius) which says that a thing is explained only if it is done in 
terms of underlying microscopic objects (which, one presumes, exist). This may be a 
mental bias but no one seriously questions such an approach now. Certainly it is a part 
of our training as physicists. The question therefore is: What is the appropriate level of 
microscopy at which we want to discuss the present problems? Certainly you don’t start 
with quantum mechanics if you want to build a house! There must be an “efficient” 
relationship between the microscopic world and the phenomenon we wish to 
understand. Of course all phenomena are not easily reducible to microscopic pictures. 
That we shall bear in mind. Now I shall get down to something specific. 

Physicists often work with paradigms. For instance, if we are talking about a sohd, 
we immediately imagine a perfect crystalline lattice and invoke Bloch’s theorem. 
Everything is fine. Any departure from this idealization is a bit unfortunate but we take 
care of it in terms of a small perturbation. This is an example of an ideal picture that a 
physicist uses as a paradigm. On the other hand, a metallurgist, confronted as he is with 
actual metals, has his own paradigms. As I understand it now having come here, they 
mostly have to do with dislocations (which, I believe, live, multiply, climb, pile up and 
even die!). This is very nice. It is not necessary that dislocations exist; it is enough if they 
exist as paradigms! For example, quarks most probably do not exist but it is quite 
convenient to explain all matter in terms of quarks; it is a good mental picture. On the 
other hand, if we are going to discuss heavily deformed materials, is this paradigm 
based on dislocation as an elementary object convenient? True there are pictures 
showing dislocation— they are real objects and they certainly exist. We can even work 
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out the mathematics of a single dislocation— no problem. I am told the two-body 
problem also can be done. But what if we have more than two, say 10,20 or 10^ ^ ? That 
is where the problem lies. Near a large-angle grain boundary, do they retain their 
imitable integrity or not? If they don’t, then we may have to look for something else in 
ter^ls of which to describe these structures. Prof. Ranganathan did this by resolving the 
large deformation at the grain boundaries into a big part (dsc) plus a small part 
(described in terms of dislocation with Burger’s vector taken from the dsc). I am happy 
with this picture. However, a doubt remains in my mind. In a metal, the large 
deformations at the grain boundaries must surely be sensed and felt by the electrons. If 
so, are we justified in ignoring the reactions of the electrons to such a heavy distortion? 
Even geometrically speaking, one wonders whether the dislocation concept is 
appropriate at a large angle grain boundary where there is such a pile up. Perhaps 
things are too amorphous-like in that region, and some alternate description should be 
tried (if not already done). So, the large-angle grain boundary appears to be a problem 
which physicists would be interested in because this is a case where one paradigm might 
give way to another. 

Aside from this, there is a nontechnical matter that I raise on behalf of Prof. 
Ramakrishnan, which is: Where do we go from here? We obviously cannot meet time 
and again Just to review work already available in books and journals. The important 
question is: Are we sure that there are sufficiently important, interesting, nontrivial 
open problems which physicists would be interested in? As of now, most of us physicists 
are not working on problems of mechanical behaviour. We are looking for the 
possibility of Discussion Meeting induced transitions. For something worthwhile to 
emerge, physicists must be willing to give more than 10% of their time. This is a 
practical issue if we mean business, and I suppose we do! 

Prof. Joshi: Thank you Prof. Kumar. I now invite comments from the floor. 
Comments may please be restricted to broad issues or questions rather than matters of 
specific detail. 

Dr G Venkataraman: As mentioned by you Prof. Joshi, I would like to make a few 
broad suggestions. The first of these arises out of a conversation I had with Prof. 
Ramaseshan at the time when the idea for the present Meeting took shape. Prof. 
Ramaseshan pointed out that while holding a meeting of this type was fine, everyone 
would go back and continue working on the same problems as before, instead of 
exploring the new grounds revealed at the Meeting. He emphasized that if fresh groimd 
is to be broken, it would essentially have to be by young people who have not yet 
committed themselves to working in an already established area. I have been discussing 
this question informally during the last three days with several people, and the 
consensus appears to be that we must organize a regular, pedagogic school wherein 
young people can be given a systematic introduction that will orient them for research 
in this area. 

Next I would like to point out that the Department of Science and Technology (dst) 
has identified this subject as a Thrust Area. If good proposals concerning experimental 
or theoretical research are made to dst, I am sure funds would be forthcoming. 

Lastly, as regards future Meetings of this type, my sampling seemed to reveal that: 
(i) Future Meetings are necessary, (ii) they should not be large, and (iii) the topic of 
the Meeting should be more specific say like fracture, physics of large deformations etc. 
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Prof. Joshi: If we look at the growth of the interaction between physicists and 
metallurgists (in this country), we notice that some of it originated right here at rrc. In 
this Meeting, we heard on the first day a description of some experiments on serrated 
yielding performed by Dr Rodriguez’s group. A theory of serrated yielding was also 
presented by a physicist from rrc. Maybe the theory was not explicitly motivated by 
those experiments but the interactions between the Materials Science group and the 
Metallurgy group must have had some influence. Some catalytic agent is definitely 
needed to promote such interdisciplinary interaction, may be in the form of an official 
directive! 

I was having a conversation with Prof. Kumar wherein he remarked that when we 
return from this Meeting, most of us will go back to doing what we were doing earlier! 
What we do is, I suppose, decided by many factors but the value system is a key one. If 
one wants to encourage such interaction, then one must attach a value to it. I suggest 
that physicists and metallurgists in multidisciplinary Institutes like, for example barc, 
should experiment in investing some percentage of their time to interdisciplinary 
activity of this kind. The outcome of such experiments could perhaps be reported at the 
next Meeting whenever we have it. 

Anyway, as far as this Meeting is concerned, it has been a very fruitful one though, as 
some comments both from the panel and the floor indicate, a few aspects could have 
been better. But this Meeting has certainly had its utility, and we shall take advantage of 
whatever we have learnt to augment this interaction. 

Prof. Kumar: I just want to add something. When I came here, I had a little misgiving 
in the sense that the subject obviously is an old one. I was aware that eminent physicists 
like Sir Charles Frank had worked on the subject. The point is that I had a feeling that 
around the World there must be many physicists working on metallurgy. Now as a 
physicist, I am not directly involved in this type of work and therefore I just don’t know 
what has already been done. Unfortunately, no one here explicitly pointed that out, and 
also what has not been done. As someone remarked, the natives are not quite stupid! If 
we arc not properly informed about what has already been done, we might end up 
reinventing the wheel!! Would someone like to comment? 

Dr R Ramaswamy: I want to say a few things—probably in repetition, and some of 
them platitudinous perhaps! When a person like me comes to a Meeting like this, he 
does not necessarily come looking for problems. One comes, one listens to the problems 
aired, one says what one can, and one contributes. In that sense, I don’t think it is 
valuable for us to seek where we are going vis-a-vis conferences of this type because such 
a conference serves precisely the purpose for which it was arranged i.e. to bring together 
people of different disciplines and see what each one can get out of it. Of course we will 
go back to doing whatever we were doing before. The hope is that the little one might 
have heard might make the difference. Undoubtedly there will be more conferences of 
this type in the future but whether they should be held or not are spontaneous 
questions. When Deepak and I go back to tifr we might well say, “Why are we doing 
abstract problems? Let us get together with chemists etc”. In that case we are the ones 
who would have benefited. One cannot induce such things; they happen reasonably 
spontaneously. 

Prof. C K Majumdar: When I came here, I certainly did so with the purpose of hearing 
metallurgists because we physicists do not often hear people of other disciplines. It was 
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certainly educative. The things learnt should not be viewed in terms of immediate 
return alone because they also broaden your outlook. Even if you go back to doing 
what you were doing before, your view point would have changed a little and that is a 
good thing. 

Turning to specific suggestions, I think we should have another such Meeting, 
perhaps in three years. Time scales are a bit long in this country, and probably, it will be 
at least three years before we can really talk anything new— by new I mean results 
obtained in our laboratories. 

Now there are not many places where interdisciplinary work of this type is being 
done. I for one do not even know where metallurgical work goes on, apart from 
organizations like rrc, barc, hal and the nx’s. Obviously there must be other 
organizations using at least some metallurgical skills, the State Transport Corporations 
for example. Judging from the conditions of the buses they ply, there is clearly scope for 
some technological improvement (!) which could perhaps be done by metallurgists. At 
the same time, the wayside auto shops seem to manage alright, and they appear to be 
having a way of accumulating empirical knowledge that is beneficial to their work. In all 
the training we talk about, we should not forget such people. Somehow they have to be 
exposed to modern developments. In other countries this is taken care of, and 
phenomena like exoemission are actually put to practical use by high-technology 
companies like Lockheed. Details of such applications are often not discussed in the 
open literature and we have to learn them on our own. History in fact shows that 
advanced civilizations often keep technology to themselves and do not allow it to 
percolate to other civilizations. In such cases therefore, we have to learn the hard way. 

Not everything in science should be done just for publication or priority. Certain 
things, even if it means repetition, have to be done to make Society run better. 
Repetition may not actually be a bad thing for in the process one might actually 
improve on what is already known. I can give you an example. The Chinese apparently 
had ice cream long before the Europeans knew about it. Marco Polo brought ice cream 
knowhow from China to Europe, and later the Americans improved it! In short, there 
are aspects of technology which w^e have to develop on our own. In that sense, we 
should find a way of inducing some technologists also to attend such Meetings in the 
future. 

The other thing I would like to comment on is the School that Dr. Venkataraman 
mentioned. The School should not just involve lectures alone; the students must also 
get exposed to some experiments. In that case, I think the School should be organized in 
places like this (rrc) or at the Indian Institute of Science, where there are appropriate 
facilities. 

Dr K R Rao: My comments relate to the remarks made earlier by Prof. Kumar. I think 
many of us would like to go back and actually do something different instead of 
continuing to do the same thing we have been doing for the last 25 years or so. In this 
context, I think the identification of unsolved problems is very important. One example 
comes to mind and that relates to Atomic Data for Fusion Research prepared by the 
IAEA about four years ago. A huge report has been written identifying hundreds of 
problems, iaea has followed up this effort with some fimding, and has also been 
evaluating the data coming out of the various research Centres. Although we are not 
trying anything on that scale, I feel that if problems are identified and made known say 
through the Proceedings of this Meeting, it might lead to various people (including 
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those not present here) picking up the strands. Particularly in the experimental field, 
there is no reason why some of us cannot try something new, provided new experiments 
or problems are identified by specialists. 

Prof. V Balakrishnan: I wish to comment briefly on a point raised yesterday by Prof. 
Ramakrishnan. In his characteristic fashion, Prof Ramakrishnan pointed out that it 
would be useful for solid state physicists to learn the basics of physical and mechanical 
metallurgy. This is being done in some places but perhaps the exercise could be made 
more systematic. It is certainly being done with respect to courses on materials science 
but not so much in the case of solid state physics. As far as the latter is concerned, if one 
can spend a lot of time on electronic properties then surely a chapter of mechanical 
properties is reasonable, especially as it will at least get the jargon straightened out for 
condensed matter physicists. This chapter need not be very long. I noticed that right 
here on the first day, many physicists expressed to me their concern about the jargon. 
They could not understand it, but repeated use of the term dislocation seems to have 
made it familiar enough to most people (rather like the way theorems are established in 
high energy physics, namely you repeat it often enough and it becomes a theorem)! 

In a slightly more serious vein, I think that some simple experiments on mechanical 
behaviour should also be introduced in the undergraduate curriculum. And there are 
very dramatic experiments, like the one on work-hardening demonstrated by Bragg in 
his Royal Institution lectures. A similar one, perhaps already known to some of you, 
involves closing one end of an open cylinder with a tissue paper, filling it with sand, after 
which you put a metal rod and apply enormous load on it. We got this set up at iix 
recently and I personally along with several other people put my full weight on the rod 
and the tissue paper did not break because the stress was distributed by those fine grains 
of sand. Experiments like this bring out beautifully the effect of interfaces, grain 
boundaries and so on. Perhaps we should spend some time generating ideas for such 
elementary but very effective demonstrations which will convey to physicists the basic 
concepts of metallurgy. 

Dr R Chidambaram: I think what was unique about this Meeting was that it brought a 
small group of metallurgists and physicists together. Also, unlike other meetings where 
people come and either give invited talks or present contributed papers, I got the 
impression that one was expected in this Meeting to talk about problems one had not 
completely finished or one did not know enough about. Thus, for example, I did not 
talk about our work on the equation of state— something we know how to handle. 
Instead, I talked on something in which we had some doubts and in which some 
metallurgical concepts were involved. If you look at the matrix element which Dr Sahni 
was talking about, the value of that matrix element must be obtained, I think, by 
integrating over the personal responses from all the individual participants, as is being 
done here during the present Panel Discussion. With this in mind, I will tell you what I 
personally gained from this Meeting. Honestly, I did not expect that the metallurgists 
would ask the kind of questions they actually asked after my talk. Of course Dr 
Majumdar raised a point about the entropy equation which I had not written down. If 
one knew how to write it down, the problem of the structure of the shock front would 
be solved substantially, but the current state of the art is such that one does not know 
how to discuss entropy production in the case of shock propagation in solids. On the 
other hand, after listening to the large number of talks we had on dislocations and grain 
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boundaries, I think I now have a better perspective on how to think about these 
physically, in relation to the propagation of a shock front. That way I think this 
Meeting has been very successful. 

As regards the periodicity of such Meetings, I think a Meeting'once in three years as 
Dr Majumdar suggested would be appropriate. And that should be interspersed with a 
School in which there are lectures both by physicists (theoretical as well as 
experimental) and metallurgists. 

Prof. Joshi: Would a metallurgist from the floor like to react? Yes Dr Rodriguez. 

Dr P Rodriguez: I would like to make a few observations and the first of these relates to 
Prof, Ramakrishnan’s remark that before physicists deal with the real physical nature 
of problems in complex materials like alloys, they need to develop a better 
understanding of the basics of physical and mechanical metallurgy. As history shows, 
metallurgy has been enriched considerably by the work of the physicists, and in fact 
many physicists have contributed to the study of plastic deformation and the fracture of 
metals. For example there is the monumental work of Schmidt and Bose on the 
deformation behaviour of single crystals of fee metals. Prof. Ramakrishnan showed a 
picture of such deformation behaviour, and quoting from Bell’s work said that 
metallurgists ignore it but that is really first-year text book material for metallurgist! 
We start with the deformation behaviour of a fee single crystal and then extend it to the 
polycrystal. That is my first point. 

People have quoted many things, the old testaments, their heroes, etc!. I will quote 
George Santayana who said that those who do not learn history will be condemned to 
repeat it. So let us be careful about not repeating history! Particularly from some 
theoretical physicists, I got the impression that they would like to apply some newly 
discovered mathematical formalisms to explain already explained phenomena. I am not 
stating this as a criticism but it is important that before going ahead with applying a 
theory or a model one should take stock of the state of the art. This point was made by 
Prof Kumar and it is important. One way of achieving this is to organize a course or 
even write a text book. We have beautiful books on physics for engineers, physics for 
metallurgists etc. May be it is time to write a book on metallurgy for physicists! 

Another aspect that I would like to point out is that in the important area of 
deformation and fracture behaviour of materials, we have reached a stage of 
understanding wherein we can now a priori design an alloy. This topic, i.e. the 
relationship between microstructure and mechanical properties of alloys has been 
completely left out from this Discussion Meeting. By microstructure I mean the 
substructure for example, the distribution of second phases, their morphology, the 
dislocation density etc. We find that the total dislocation density per se is not always the 
controlling factor, rather the way the dislocations are arranged, i.e. whether they are 
tangled or have a cell-structure. This topic has been completely overlooked. Of course it 
is obvious that all topics could not have been covered in a Discussion Meeting like this. 
But this argument shows that there is enough scope to have more frequent Meetings, 
focussing attention on such specific topics. 

Prof. Joshi: Since there is a time restriction, I am afraid I have to interrupt and cut 
short this interesting Discussion! 

I will sum up by saying that there is a need for future Discussion Meetings as well as a 
tutorial School. The duration, the periodicity, the organization, the themes—all these 
could be left open at the moment. 
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Being the last speaker permit me to express our grateful thanks to the Organizers of 
this unique Meeting. I would also like to express our special thanks to our hosts who 
have taken such good care of us. Finally, I wish to thank the panelists, those who 
participated from the floor, and the audience in general for making this discussion 
lively. Thank you ail once again! 
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Phase transformations—a physicist’s perception 
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Abstract. Echoing a recent remark by Prof. Ramaseshan, a perspective review is made of the 
field of phase transformation, highlighting areas that might appeal to physicists. Prominent in 
this category are the study of ground state structures, the study of phase diagrams and the 
study of kinetic phenomena 

Enumeration of ground state structures calls for inputs from group theory as well as reliable 
potentials, and physicists are therefore well equipped to make significant contributions. The 
theoretical analysis of phase diagrams (concerning which much experimental information 
already exists) raises challenging questions in equilibrium statistical mechanics. Since the 
problems map to Ising models of varying complexity and their generalizations, there are also 
very interesting connections to magnetism. Lately, computer simulation has added a new 
dimension, opening up fresh vistas both for theory and experiments. The study of kinetics 
belongs to the newly emerging area of non-equilibrium statistical mechanics. The focus being 
on temporal phenomena, physicists can play a key role, particularly through the application of 
various types of relaxation spectroscopy. On the theoretical side too there are challenging 
problems, especially on account of the dominance of nonlinearities. Indeed if one is bold 
enough, one could even speculate on possible universalities underlying the complex 
microstructures invariably seen in late-stage evolution. In short, though the subject of phase 
transformations has thus far been nursed predominantly by metallurgists, there is enough 
room for physicists to make an independent entry and to i^e distinctive contributions. 

Keywords. Phase transformations; phase diagrams; spinodal decomposition; ordering 
kinetics. 


1. Introduction 

The theme of this paper relates to a remark made by Prof. Ramaseshan at the Baroda 
Seminar on Thrust Area 5 in Physics, and it is perhaps relevant to begin by outlining the 
background. 

Around 1980, the Department of Science and Technology (dst) initiated an intensive 
exercise to identify Thrust Areas in various scientific disciplines. As a part of this, a 
Seminar was organized in Baroda during November 1981 to which were invited a cross- 
section of active physicists in the country. Although the ostensible purpose of the 
Seminar was to aid the dst in identifying areas which it could fund selectively, Dr. 
Ramanna who presided made the suggestion that since there was a rare gathering of 
physicists with diverse interests, the occasion should in fact be utilized to draw up 
something like a National Plan for Physics. A part of this Plan could then be funded by 
the DST, and the balance by other appropriate agencies. This suggestion was greeted 
with enthusiasm, and several exciting proposals were unveiled by those present. 
Intervening in the discussion, Prof. Ramaseshan remarked that while large projects in 
areas like gamma-ray astronomy or high-energy physics were no doubt to be 
commended and also needed, some thought should also be given to researchers in small 
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universities, most of whom remained outside the orbit of “big science”. He went on to 
emphasize that in drawing up a list of Thrust Areas, consideration must also be given to 
subjects like phase transformations which not only offered challenge but also did not 
require massive funding and could therefore be pursued by those with modest 
resources. I was quite delighted by this suggestion and the specific reference to Phase 
Transformations since I had just then begun to gravitate towards the subject myself. 

Now the subject of phase transformations is well established amongst metallurgists. 
Physicists, on the other hand, have generally stayed away possibly because it appeared 
messy to them. However, in the light of many recent developments in physics {e.g. 
advances in the understanding of nonlinear phenomena), some of these so-called 
messier aspects have acquired an attraction of their own. The main purpose of this 
article therefore is to draw the attention of physicists to such aspects, and hopefully 
induce at least some of them to enter this area. The paper is thus essentially a 
perspective review addressed to physicists, keeping in mind the needs of those who may 
be totally unfamiliar with the subject. However, in the spirit of Prof. Ramaseshan’s 
remarks, interspersed are several suggestions for further work for those adventurous 
enough to enter the area. 

2. Preliminaries 

2.1 Some elementary facts 

To most physicists, a phase transition usually calls to mind a change of state like solid to 
liquid etc. Metallurgists on the other hand, are interested mainly in transformations 
within the solid state. Of the many variations possible even in this category, we restrict 
attention to order-disorder transformations associated with compositional fluctu¬ 
ations. In the interest of simplicity, we shall further confine ourselves to binary alloys 
fix 0 < X < 1 {e,g. Al-Zn or Cu-Au). 

To fix our ideas, let us consider a Cu-Zn alloy (^-brass) with.equiatomic composition 
i.e. X = 0-5. Both at high as well as at low temperatures, there is a well-defined lattice {viz 
bcc) associated with this alloy. However, there is a difference in the way the atoms are 
distributed amongst the lattice sites. Above 468®C, the occupancy of the lattice sites by 
Cu and Zn atoms is statistical whereas below that temperature, there is a well-defined 
order in the arrangement (see figure 1). One can intuitively see that entropy 
considerations must dominate at high temperatures leading to disorder. On the other 
hand, interatomic forces assert themselves at low temperatures leading to an ordered 
structure as in figure lb. The temperature 468°C represents a transition point for the 
order-disorder process. 

In the example just discussed, every atom has an atom of the other species as a nearest 
neighbour in the ordered state, implying that the potential dominates over and 
Vgg, It could also happen that is not strong enough to achieve this in which case a 
different type of ordering ensues wherein, the material organizes itself into large 
crystalline domains rich in either ^4 or B type atoms. Essentially, “birds of a feather flock 
together”, and the phenomenon is often called phase separation or clustering. 

Superficially, phase separation and an order-disorder transition (like the one in p- 
brass) appear different but if we associate a wavelength scale with the two processes as is 
schematically done for a 1-D example in figure 2, then we can discuss the two in the 
same framework, as is done for ferro- and antiferromagnetism. Phase separation being 
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(a) 


Figure 1. Schematic illustration of order- 
disorder in ^-brass. The structure is bcc in both 
phases but in the disordered phase, the occupation 
of the lattice sites by the two species of atoms 
(shaded and full) is strictly statistical as in (a). 


o 


(b) 



CLUSTERING 

K><><K><>0<K><^^ 


ORDERING 

• LJ • LJ • W V V W 

^^ L_J ^^ I_^ ^^ L 

Figure 2. One-dimensional example to illustrate the different wavelength scales for 
clustering and ordering. 


similar to ferromagnetic ordering will be associated with a wavevector k<^ 0 while 
order-disorder transition being similar to antiferromagnetism will be associated with a 
wavevector k zone boundary. 

2.2 Phase diagrams—a primer 

A study of phase transformations without some knowledge of phase diagrams is hardly 
possible. Most physicists are no doubt familiar with phase diagrams for monatomic 
systems but once one enters the world of multicomponent systems, phase diagrams can 
become quite complex, indeed even for binaries such as we shall be considering. A brief 
primer on phase diagrams is therefore useful. 
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Figare 3. Schematic plot of energy as 
a function of composition for the three 
situations discussed in the text. 
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Broadly speaking, a phase is a state of aggregation. Our interest is in the various 
phases possible when two atomic species A and B are mixed together to form a solid at 
different temperatures and at different compositions. A phase diagram is therefore 
essentially a map of the various possible states of aggregation in the temperature- 
composition plane. From thermodynamics we know that the equilibrium state of a 
system is determined by the minimum of the free energy (fe) with respect to the 
appropriate thermodynamic variables. Accordingly, we direct attention now to the 
minimum of the fe at various temperatures and compositions. To start with we note 
that the free energy is given by 

F^E-TS 

where E is the internal energy*, T the temperature and S the entropy. In figure 3, E is 
plotted schematically as a function of composition (Wulff 1971). Here the dashed lines 
denote the energy before mixing and the solid lines that after the mixing. The ‘ideal’ 
situation is that shown in figure 3b where the energy does not change on mixing. More 
usually, one has either a positive or negative deviation from ideality as in figure 3a or c. 

We next consider entropy, for which the situation prior to and after mixing will be as 
schematically depicted in figure 4. The results of the last two figures may now be 


* Strictly speaking, we should have enthalpy H{= E + p\^ instead of E. However, most material processing 
is done around atmospheric pressure. From a practical point of view therefore H is well approximated by £. 
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FigHre4. (a), entropy oftheXi-^B^ system before mixing. 

(b) . sketch of entropy of mixing. The total will then be as in 

(c) . 


A 


B 



combined to visualize how F varies with composition at a given T. Of the several 
possibilities, that corresponding to negative deviation from ideality is of particular 
interest to us and the free energy curve for this situation is sketched in figure 5. To find 
the most stable arrangement that results after mixing at the chosen temperature T we 
must obviously look for the minima in F. Using this criterion, it is clear from the figure 
that if we prepare a mixture of composition then this mixture will be unstable. It will 
seek stability by splitting into a mixture of two solutions of compositions and cj. 
Observe that after such a separation, the F value diminishes from F„ to F,. 

The above scenario apphes to all mixtures with composition in the range c J to c J, and 
we conclude that for all compositions in this range, a mixture of two phases is the most 
stable state. This is the phase separation briefly mentioned earlier. When T is increased 
shghtly, essentially a similar situation is obtained, with cl moving shghtly away from 
the A end and cj moving shghtly away from B, As T increases, cl and c| approach each 
other continuously, eventually merging at some temperature For F > F^, segregation 
into two phases of different compositions no longer occurs; instead the solid solution 
itself is stable, and we have a one-phase region. Thus, the locus of cj and in the 
temperature-composition plane provides a boundary separating the one-phase and 
two-phase regions of the solid. Figure 6 shows a portion of the phase diagram of Al-Zn 
where such a two-phase region exists. 

It is of course not necessary that when two atomic species are mixed, one should 
always get phase separation at low temperatures. Instead one could also obtain 
ordering, as e.g. in Cu-Au systems. We sh^ have more to say later about these two 
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Figure 5. Free energy curve correspon¬ 
ding to a particular temperature for ne¬ 
gative deviation from ideality. F, is the 
value corresponding to the unstable state 
created immediately after mixing, while 
F, is the value corresponding to the stable 
state. For every composition in the 
shaded region, the terminal state is a 
mixture of two phases of compositions cl 
and cj. 
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Figure 6. Portion of the Al-2^ phase diagram showing the two-phase region. 

representative cases of phase separation and ordering.* For the nonce let us note that 
the solid mixtures we are considering are restricted to the substitutional type i.e. if we 
take a perfect A type solid and add B type atoms, the latter replace A at the lattice sites. 
For this to be possible, the following criteria must be broadly satisfied; 

* Phase separation is also a type of ordering! Only the wavelength scale is different. 
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(i) The atomic radii of the two elements must be within 15% of each other, (ii) The 
crystal structures of A and B must be the same, (iii) The valence of A and B must not 
differ by more than unity, (iv) The electronegativity must be nearly equal. 

While we have sketched the concept of the phase diagram from (elementary) 
theoretical considerations, we should remember that metallurgists often actually map 
phase diagrams by doing experiments. Indeed there is a wealth of such data (Hansen 
1958), and, as we shall see later, a theoretical analysis of such diagrams is a possible 
avenue of interest for physicists. 

2.3 Areas of interest 

Given the fact that metallurgists have already contributed much to the subject, 
especially on the experimental side, it is natural to wonder whether there is any room for 
physicists (e.g. Chen et al (1979) point out that prior to the late sixties, there were at least 
36 books and reviews on the subject. Also, there have been several major conferences 
held on the subject during the last decade). However, a careful appraisal does show that 
there are certain areas in this vast domain where physicists could bring to bear tools that 
are their specialities. Prominent among these areas are: 

(i) The elucidation of ground state structures, (ii) Calculation of phase diagrams, and 
(iii) The study of kinetic phenomena. 

Of the above, the calculation of phase diagrams belongs to the realm of equilibrium 
statistical mechanics, and, as we shall see in § 3, raises problems in the traditions of 
Onsager since one mainly deals with Ising models of various complexity. The study of 
kinetic phenomena on the other hand, takes one to the newly emerging area of 
nonequilibrium statistical mechanics. The presence of nonlinearities is an added 
attraction. 

In terms of tools, apart from neutron and x-ray scattering which are already familiar, 
physicists could also exploit various types of relaxation spectroscopy. No doubt the 
scattering techniques have already been used to some extent in the past but there is con¬ 
siderable scope for enhancing their applications. Particularly in the case of x-rays, the recent 
availability of synchrotron radiation opens up many new exciting possibilities. Also, 
there are many technical innovations like position-sensitive detectors that have hardly 
been used for such studies. As far as relaxation spectroscopic studies are concerned, the 
field is literally wide open. Complementing all these is the powerful technique of 
computer simulation, used already to some extent, but admitting of considerably more 
exploitation. In short, there is plenty of scope for physicists to make a distinctive 
contribution of their own to the field, although they may be latecomers. 


3. Equilibrium structures 

3.1 Ground state structures 

Given a disordered structure (say belonging to the fee lattice), there arises the general 
question of the type of ordering that will occur at lower temperatures. In a simple 
situation as in ^-brass (see figure 1), one could perhaps have made a good guess of the 
ordered structure purely from inspection. However, such guesses are not always easy. 
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requiring, as they do, considerable crystallographic insight. A systematic approach to 
enumerating the possible ordered structures has been evolved by Soviet scientists, 
inspired largely by Landau’s theory of phase transitions. 

Before sketching the work of the Soviet School, we note first that the ground state 
structure is the atomic arrangement assumed by the solid at absolute zero of 
temperature. While it is the onus of theory to predict this structure from first principles, 
a considerable body of information about the structures actually occurring in Nature 
has already been accumulated through diffraction experiments. Next we remark that 
ordering is essentially characterized by the appearance of a superlattice. The 
superlattice structure that emerges depends on (i) the structure of the parent lattice, 
(ii) the interatomic forces, and (iii) the atomic composition of the system. If, for 
example, we consider the fee lattice, then several ordered structures based on it are 
possible some of which are illustrated in figure 7. The distribution of the various 
superlattices possible amongst the alloys realizable by combining various elements in 
the periodic table have been painstakingly compiled by Kozlov et al (1974) and the data 
is worth glancing through. 

Returning to the enumeration of possible superlattice structures, the basic idea is the 
following: Let us first describe the atomic distribution by means of a function n(r) which 
gives the probability of finding an atom of some definite kiiid at site r of the lattice. In a 
disordered alloy n(r) is a constant c. On the other hand, when the system orders, n(r) 
assumes m (say) different values w i, n 2 , ..., at the m sublattices are associated with 
the structure. In brass, m = 2. Of course, n(r) corresponding to a particular 
sublattice position has the same value in all the unit cells. The problem now is to 
determine the possible distribution n(r) can have when ordering occurs. Khachaturyan 
(1974) approaches this by regarding n(r) as being built up of static composition waves as 
follows: 

«(r) = C + ^ 5] {Q(k) exp (ik • r) + C.C}. (1) 

^ k 



A3B(Ll2) AB(L1o) 


i 

• A , 0 0 

Figure 7. Some of the ordered structures 
observed in fee lattiees. 
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Here the summation over k runs over the first Brillouin zone of the disordered alloy. 
Q(k) is the (complex) amplitude of the concentration wave of wavevector k. Following 
Landau, one now writes the sum over k as sums over various possible stars one can 
form in the Brillouin zone (see figure 8). With this regrouping, 

n(r) = C+j;j/,e,(r), (2) 

S 

where 

^ I {y*(ki(*s)) exp i k,(☆s) • r + CC.}. (3) 

In (3), the summation runs over all the members i of the star s whereas in (2) the sum is 
over all the possible stars. Together, all the wavevectors in the Brillouin zone are 
accounted for. Comparing with (1) 

G{kf) = (4) 

The quantities tj^ are the long-range parameters which assume the value 0 in the 
disordered state, and the value 1 at 0°K. Since composition is conserved, the number of 
order parameters required to describe the ordered structure will be (m — 1). Later (in 
§ 3.3) we shall see that the order parameters f/^ are essentially the analogues of sublattice 
magnetizations. 

Although formally the summation in (2) ranges over all the stars in the Brillouin 
zone, in practice (—and this is in the spirit of Landau’s theory of phase transition) one 



Figore 8. lUiistration of the concept of star of the wavevector for a square lattice. The dots 
indicate the reciprocal lattice points, and the dashed line the central Brillouin Zone. The cluster 
of eight arrows represents a star. Starting from any one of these arrows, one can generate the 
entire cluster by a systematic application of the point group operations of the lattice. 
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supposes that a given ordering is associated uniquely with composition waves 
corresponding to a particular star. For illustration, let us consider ordering in Cu-Au 
alloys. X-ray experiments have revealed that ordering is linked to the appearance of 
superlattice {100} reflections (which, of course, are forbidden in the disordered state). It 
is reasonable therefore to suppose that the ordering is governed by the star of the 
wavevector [100] which comprises of the wavevectors [100], [010] and [001]. Thus (2) 
can be written as 

n(r) = C H- f; {vi exp (iki • r) + yj exp (ikz • r) -I- yj exp (ikj ■ r) }. (5) 

where kj, ki and kg are the three wavevectors of the star. The lattice vector r can be 
expressed in terms of the (cubic) unit cell vectors aj, a 2 , ag as 

r = xai + j/aj + zag ( 6 ) 

with (x + 3 ; + z) = constant. By letting r vary in (5), it is easily seen that /i(r) can take the 
following values 

"1 = c -I- »;(y 1 + yj + ya); «! = C -I- ;/(yi - y^ - yj); 

«3 = C-l-;/(-yi+yj-y3); n^ = C+ri(-y^-y2 + y3). (7) 

If now we invoke the fact that (m -1) equals the number of distinct order parameters 
and remember that in this case there is only one order parameter, namely rj, we are led to 
the fact that m = 2 for Cu-Au. Hence n can take only two values at the set of all sites 
(xyz) of the fee lattice, leading to the two possibilities ’ 

(i) Wi = n^, H2 = «3; (ii) «2 = "3 = ("i + (8) 

The first alternative arises if yj = y^ = 0 whence 

n{xyz) = C + fjy 3 exp (Iniz) = C±tjy ( 9 ) 

in alternate (001) planes. This is the so-called CuAu I structure. On the other hand, if 
alternative (ii) is to be realized, then we must have all the y,’s equal whence 

n(xyz) = C+tiy{exp{2nix) + exp(2niy)+exp{2mz)] 

_ f C -1- 3riy at the comers of the unit cell cube 

|C-3>/y at the face centres. (10) 

This is the CU 3 AU structure. 

The above example shows how symmetry considerations may be applied a la 
Landau’s theory to obtain some idea of the superlattice structures possible. Merely 
enumerating possible superlattice structures alone is not enough. This is somewhat 
sunilar to the exercise often done for ferroelectrics, where one uses group theory to 
enumerate the type of ordered structures that can arise. Symmetry thus picks out the 
various possibilities; which of these is actually favoured depends of course on the 
interatomic forces. To illustrate, we once again consider the fee lattice, and direct 
attention now to the internal energy. The three potentials to be considered are, (r), 
t)jj{r) and Vjfg(r). In terms of these pair potentials, the internal energy E may be 
expressed as 

U 1,1m 


( 11 ) 


Phase transformations 


847 


Here ij refer to the species A, B while / and m denote lattice sites. The quantity a is an 
occupation operator defined by 

^a{I) =1 if site / is occupied by an A-type atom 

= 0 if site / is not occupied by an A-type atom. (12) 

tTfl(/) is defined similarly. The bracket denotes an average (here over the ground state). 
The lattice energy will evidently be determined by the correlations of the a’s at the 
various sites, and the system will choose that atomic configuration for which S' is a, 
minimum. 

It is convenient to introduce an operator v, (0 which describes deviations from mean 
occupation by 




where is the concentration of A. Since = 1, one has 

7b(0 = -7^(0. (14) 

Using the y% the part of the internal energy that relates to occupation deviations can be 
written as 

^ = E (15) 

IJ Ifm 

By elementary manipulation, this can be written as 


£ = rEK(/-m)<y(/)y(m)>, 

Im 

where we have written y for y^, and V is an effective potential defined by 
V(t) = 2 (r) - (r) - i>„(r). 

In terms of Fourier transforms 


( 18 ) 

^ k 

where r(k) is the transform of y(r). 

The quantity F(k) is periodic in reciprocal space reminiscent of, say, phonon 
dispersion curves, and will therefore have maxima, minima and saddle points (—the 
well-known van Hove (1953) singularities). The expectation now is that the state of 
order is governed primarily by where mimma in F(k) occur. One knows that barring 
unusual circumstances, minima of lattice periodic functions occur at points of high 
symmetry in the Brillouin zone (van Hove 1953). Thus, ordering is mainly associated 
with the build up of a compositional wave (also sometimes called concentration wave) 
with a wavevector corresponding to the special point where K(k) has a minimum. This 
therefore is also the wavevector at which a superlattice reflection is seen in the 
diffraction pattern when ordering occurs. As may be expected, around the transition 
temperature there are critical fluctuations of the composition in this region of k-space 
and consequently there is an enhancement of the scattering in the superlattice reflection 
region just prior to ordering. We shall say more about critical scattering later. 
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The potential V{x) depends on the details of the electronic structure, and is often not 
known with sufficient accuracy for present purposes. It is therefore customary to 
parametrize pair interactions in terms of interactions up to a specified set of neighbours. 
One now examines minima in K(k) as the ratio {V 2 lVi)\s varied (where and V 2 
denote the first and second neighbour interactions). The results can be succinctly 
paraphrased as in figure 9 due to Clapp and Moss (1968) who followed Villain (1959) 
who had earlier made such plots for magnetic structures. Incidentally, we see from 
figure 9 that in a certain range of ratios, ordering occurs for /c = 0 leading to clustering 
of like atoms. 

Mention should also be made of the work of Richards and Cahn (1971) and various 
Japanese workers (Katsura and Narita 1973; Kudo and Katsura 1976; Kanamori and 
Kakehashi 1977) who have studied ground-state structures using a real-space analysis. 
Recently some rigorous methods for describing low temperature structures of very 
general lattice systems have also been developed (Progov and Sinai 1975, 1976; 
Holsztynski and Slawny 1978; Slawny 1979). 

Although some territory has no doubt been covered in the work of the various above 
mentioned authors, there is considerable scope for further work. One might wonder 
whether ground-state structures are not encompassed in a study of the phase diagram 
as a whole (§ 3.2). Indeed they are; however an independent knowledge of ground state 
structures does help phase diagram calculations and in that sense is a worthwhile, 
stand-alone activity. 

Before leaving the subject, a brief refei^ence must be made to off-stoichiometric 
structures. Suppose, for instance, we consider an alloy where, say, the concentration of 
A species is slightly less than 0-5. The question now is what happens in the ordered state. 
One’s first guess would be that small deviations from stoichiometry would be absorbed 
as defects. However, when the deviations are substantial, the situation may not be that 


V2 



Figure 9. Location of minima of V(k) as a function of the ratio VJV^ for the fee lattice. 
(After Clapp and Moss 1968). 
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simple. Krivoglaz and Smirnov (1965) suggested that at 0'"K, an ofT-stoichiometric alloy 
decomposes into alloy of stoichiometric composition and a pure metal. It is not clear 
whether there is any experimental evidence in support of this suggestion. Kozlov et al 
(1974) have advanced the alternate idea that the excess atoms may undergo further 
ordering at suitable sites, leading to a new complex structure which they refer to as 
‘super-superstructure*. The experimental situation if assessed from the literature, can be 
quite bewildering to a physicist! When an alloy is prepared at high temperatures and 
cooled below the transition, it not only orders but develops a lot of microstructure; one 
has therefore to be quite careful in drawing the right conclusions. 

One case worth mentioning explicitly is CuAu (nominal equiatomic composition). 
When this alloy is cooled from high temperatures, it transforms below 385°C into what 
is called the CuAu II structure illustrated in figure 10 (Ogawa 1974). There is an 
alternation every five cells, and the overall structure can be thought of as composed of 
antiphase domains of size 5b. The oscillations arc also referred to as long period 
oscillations (lpo). Such oscillations are reported for many ground state structures, and, 
in view of the extensive interest amongst physicists on charge density waves etc. are 
worth a close look (see also § 4.5). Returning to lpo’s in Cu-Au alloys, there is evidence 
that the period 2M is not always an integral number (see figure 11) (Ogawa 1974). 
Noteworthy here is the fact that M varies with composition (which effectively alters the 
electron/atom ratio). There is also a lattice modulation of density related to the lpo. 
This, as well as the nonintegral values observed for M are interesting questions (Sato 
and Toth 1961) but unfortunately we cannot pursue them further here. 

Another comment that needs to be made concerns the effective potential V{r) in (17). 
Now an implicit assumption underlying (15) is that all ions always exactly occupy the 
lattice sites. In practice this is not so, and ions could deviate, e.g. on account of size. One 
must therefore allow for such ‘positional relaxation’, and evaluate the energy of the 
relaxed system. In effect, it amounts to modifying V(k) as 

V(k) -► V^^^ik) = K(/c) - relaxation energy. (19) 

Of course if the potential is parametrised, then the parameters refer actually to the 
effective potential For further details concerning the relaxation energy, a recent 
article by de Fontaine (1979) may be consulted. 

STRUCTURE OF CuAu II 



Figure 10. Illustration of the long-period oscillation in CuAu II. After every five cells, there is 
an alternation in the occupancy pattern (after Ogawa 1974). 
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theoretical Curve (a) 


DOMAIN SIZE -M 


12 3 4 5 6 7 8 


TmECRETiCAL curve (bl 


Figure 11. Variation of M with electron to atom ratio. The solid lines are theoretical curves 
(due to Sato and Toth 1961) corresponding to two assumptions (after Ogawa 1974). 


3.2 Calculation of phase diagrams 

The phase diagram problem is a logical extension of the ground state problem in that 
one now studies when order disappears. 

It is convenient to discuss the problem in the language of Ising spins rather than in 
terms of the occupation operators a introduced earlier. The Ising spin operator Si 
associated to lattice site I is defined in terms of (Tg{l) as 

J +1 if site / is occupied by an ^ atom 
Si — I 2<tb I _ j j jg occupied by a B atom. (20) 

Observe that in terms of (/), 

Si =l + 2aM ( 21 ) 

Using the Ising spins to describe the Hamiltonian, the statistical mechanics of order- 
disorder can now be mapped into an appropriate Ising problem, establishing links with 
the rich traditions that already exist in this area. 

Now at absolute zero of temperature, the spin system will be perfectly ordered. As the 
temperature is raised, some spins will flip (meaning A and B atoms will exchange 
places). Such flips no doubt cost energy but the entropy term — ts in the expression for 
free energy provides the required compensation. However, the disorder cannot be 
increased indefinitely, and at every temperature there is an optimum disorder. If the 
disorder exceeds the optimum, then F increases due to increase of E whereas if it is less, 
then it again increases but due to inadequate cancellation from the entropy term. 
Equilibrium is thus dictated by the minimum of the free energy, and in the calculation 
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of the phase boundaries, the computation of this minimum is an important step. 

Given the range of interaction of the Ising spins, the calculation of E is 
straightforward (and is discussed further in § 3.3). Far more problematical is the 
entropy term, and to appreciate the difficulty let us consider a 1-D Ising chain. We 
assume first that the chain is fuUy ordered (!) with all spins up (say). The entropy is then 
zero. At the other extreme where each spin is completely free to flip, there are 2^ 
configurations possible (N is the number of spins), and the corresponding entropy 
is S-kg log 2^ = Nkg log 2. The question is how does one calculate the entropy for 
situations in between where there is intermediate order. If, for example, we definitely 
know two spins alone are down and all the rest up then the number of configurations 
possible is a simple matter to work out. But unfortunately, we cannot make definitive 
statements about exactly how many spins are up and how many are down. We can at 
best have only statistical information about the state of order embodied in the 
correlation functions 

^1 = <S,>; ^2=<S*S.>; <^3= (22) 

The set {(J J must first be known and using it the entropy and indeed F itself must then 
be computed. Calculation of S in terms of the f’s is precisely where problems enter, for 
one must in principle know and use all correlation functions up to ^This evidently is 
also the place for approximations to make their entry! 

Before discussing the approximations, we call attention to Onsager's (19^) famous 
paper on the 2-D square lattice Ising problem where he calculated the partition 
function exactly. This is not only a tour de force but also a touchstone for evaluating 
various approximation schemes (as we shall soon see). 

The approximation schemes alluded to, reduce in effect to using a suitable subset of 
the full set {ii} of the correlation functions. The subset is so chosen that the group of 
spins involved form a cluster which is consistent both with the geometry of the lattice 
and the range of interactions (usually restricted to near neighbours (nn) and next 
nearest neighbours {nnn)). 

Figure 12 gives samples of some clusters used in the study of ordering in fee Ising 
lattices. In figure 12a the cluster is a regular tetrahedron made up of nn spins. In 
figure 12 b one has a nn regular tetrahedron and an octahedron consisting of nn and nnn 
spins. Within a cluster itself one can identify subclusters e,g, the triangle (123) in figure 
12b, which is in the overlap of the tetrahedron and the octahedron. Likewise, the 
triangle (126) in figure 12 c is a subcluster shared by two irregular tetrahedra. 

The entire computational scheme based on cluster approximation is known as the 
cluster variation method (cvm). As formally developed by Morita (1972), it is based on 
the exact variational principle of equilibrium statistical mechanics. In any given 
implementation of the cvm, one first chooses the largest cluster L one is going to work 
with. One then considers all the subclusters I consistent with L. Corresponding to each 
subcluster I, one now considers the various possible arrangement of spins/atoms. For 
instance, the arrangement in the triangle (123) could be (AAA), (ABA), (BAB) etc. If Ji 
denotes a configuration such as above, then we next need to know Xj^(l) the 
concentration of this configuration in the cluster 1. It is in the calculation of the cluster 
configuration that the correlation functions enter. To illustrate, we again consider the 
triangular subcluster (123). Let Pi,P 2 and p^ denote the lattice sites. The correlation 
functions we then need are the single spin, two spin and three spin functions <^3 
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TETRAHEDRON 

-OCTAHEDRON 



Figure 12. Some of the clusters 
used in CVM calculations for fee 
([^] lattices (a), tetrahedron used by 
Kikuchi et al 1980 (b) and (c) are 
larger clusters used by Sanchez and 
de Fontaine (1978, 1980,1982). 



respectively. In terms of these correlation functions, for example will be 

>C^<.a=Kl + (+l + l-lKl + [(lxl)+(lX -l)+(-lxl )]^2 

+ (lx lx-IK,}. (23) 

The formal expressions for the cluster probabilities are: 

X|(Pi)= <ff((Pi)>=i<l + iSpj>, 

XijiPlPl) = <Oi{Pl)ffj(Pl)> 

= ^ [1 + KSp, > +KSp, > + y >]. 

^iJkiPlPlPi) = (°’((Pl)<^j(P2)®’lfc(P3)) 

= ^[1 + KSp, > +;<S,,> + *<Sp 3 > + y <5p, > 

+><Sp.Sp3> 

+ 5p^ > + i 7 fc<Sp, Sp^ Sp 3 >]etc. (24) 

Here i, j,k ... take on values ± 1 for each of the two components in the system. (Result 
(23) thus readily follows from above). 
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The entropy can now be expressed as a series in cluster probabilities as 

S^Nkst yil^jSmogXj^il) (25) 

j, 

where y, is an appropriate coefficient (Barker 1953). Once the clusters have been 
identified and their concentrations or probabilities evaluated, the rest is largely 
numerical, and will be described shortly. 

Historically, one of the early attempts at explaining the order-disorder transform¬ 
ations is due to Bragg and Williams (1934,1935). Domb (1981) narrates an interesting 
story concerning these famous papers. Apparently, Bragg gave a seminar in 1933 in 
Manchester during which he qualitatively described his thoughts on how ordering 
occurred in binary alloys. Williams, a member of the audience, presented Bragg with a 
mathematical outline of Bragg’s theory at the end of the lecture. (The story of the 
Rushbrook inequalities is similar! See Stanley 1971). Bragg was impressed but felt that 
the calculation was so simple, it surely must have been published earlier. However, no 
such paper had yet appeared and so Bragg and Williams proceeded to publish their 
ideas! 

In the CVM language, the Bragg-Williams theory retains only or point clusters. 
Next comes the Bethe approximation (1935) which includes pairs i.e. also ^ 2 - From 
these early beginnings, the push has always been towards larger clusters. Modern 
applications of the cvm have been promoted largely by de Fontaine and coworkers, 
building upon schemes originally developed by Kikuchi (1951), Barker (1953) and van 
Baal (1973). Before describing some of these recent results, we refer to figure 13 which 
gives a feel for the improvements available in going to larger clusters in 2-D square 
lattice, where Onsager’s exact result is available as a bench mark. 

Turning now to phase diagrams calculations for real alloys, the main steps in the 
calculational schemes as implemented at present are as follows (de Fontaine 1982): 

(i) Choose the basic lattice system, the range of interactions and the largest cluster to be 
used. Form then the ^’s. 

(also called the grand potential) 

(26) 


Fignre 13. Specific heat variation for the 
square-Ising lattice. Onsager’s result is the 
exact one. Observe the improvement in 
going from the Bragg-Williams approxima¬ 
tion to the CVM square cluster 
approximation. 


T/Tc 


(ii) Construct the thermodynamic potential Q 
defined by 



M—2 
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where the /i*s are the chemical potentials of the two atomic species. The chemical 
potential term is required since we would like to permit concentration to vary (while 
the total number of atoms is fixed). 

(iii) For a fixed (7] l/2(/ixniinimize ft with respect to the f s considered i.e. 

the set of ^’s consistent with the largest cluster L chosen. 

(iv) When fi is minimized, it leads to a set of (nonlinear algebraic) equations for the ^’s. 
Solve these equations. 

(v) Use the f s obtained in step (iv) to compute the equilibrium potential fllcqbr- 

(vi) Plot Qgqbr ^ values of ft for the different phases. The point (T, fi) at which 

two curves cross is a point of phase coexistence. An example is given in figure 14. 

(vii) Vary T and /i and establish the locus of phase coexistence i,e. the phase boundaries, 
(viii) Every intersection between the Q curves for two phases, a and p, say, gives two 
values of the point correlation function From these, determine the average 
concentrations Cg and eg. 

(ix) Assemble the results into phase diagrams in the (r,/x) and {T,c) planes. 
Following Iliopoulos (1980), one might also add: 

(x) Publish your result, 

(xi) Choose another alloy system and GO TO (i)! 

The cvM has been extensively applied by Kikuchi, de Fontaine and coworkers, from 
whose contributions we will now cite a few examples. Firstly in table 1 (de Fontaine 
1979) we summarize some results obtained for Ising ferromagnets (which, incidentally, 
are isomorphous to AB binary solutions; recall earlier remarks about the correspon¬ 
dence between magnetic systems and alloy systems). 

Next we consider results for ordering. Kikuchi et al (1980) have obtained the phase 
diagram for the Cu-Au system using nn interactions for the Ising spins, and a 
tetrahedron cluster. The calculated phase diagram is shown in figure 15b which is to be 



Figare 14. Variation of the grand potential with temperature for the A 2 B 2 and disordered (a) 
phases, for zero chemical potential (cg = 0-5). The intersection gives the temperature value at 
which the two phases coexist (after de Fontaine 1982). 
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Table 1. Calculated normalized transition temperature in units of k^TfzJ where ^ is the 
strength of the nearest neighbour interactions and z the number of nearest neighbours (after de 
Fontaine 1979). 



2D 

Square 

lattice 

2D 

Triangular 

lattice 

3D 

Simple 

cubic 

Remarks 

z 

4 

6 

• 6 


Bragg-Williams (point) 

1-0 

10 

10 


cv Bethe (pair) 

07212 

08222 

08222 

all refer 

cv square or triangle 

06057 

062525 

07683 

^ to transition 

cv cube or tetrahedron 

— 

— 

07628 

temperatures 

Exact (or best known) 

0567 

06062 

07522, 



compared with the experimentally determined one (figure 15c) and that calculated by 
Shockley (1938) using the Bragg-Williams approximation (figure 15a), While those not 
used to phase diagrams may regard the agreement between cvm and experiment fair, the 
comparison is actually quite impressive given the approximations involved. 

Sanchez and de Fontaine (1978) have gone beyond the tetrahedral approximation to 
the clusters illustrated in figure 12b and c, and investigated (Sanchez and de Fontaine 
1980, 1982) the phase diagram for the <1^0 > family of ordered superstructure i.e. 
lattices where ordering is associated with a <1 i 0> compositional wave. In addition 
to the usually considered nn interactions, the nnn interactions were also included. 
Results have been obtained for a range of values of the ratio of second-to-first- 
neighbour pair interactions in the range 0 to 0-5. The results are relevant for ordering in 
diverse systems like Ni-Mo, Ni-V etc. Incidentally, a knowledge of the ground state 
structure is very helpful in testing out a particular ordered state as in figure 14. 

These calculations by de Fontaine and coworkers have shown the distinct superiority 
of the CVM over earlier models in yielding realistic results. For instance, in Cu-Au 
systems, the Bragg-Williams approximation predicts a first-order transition for Cu 3 Au 
(LI 2 ordering) and a second-order transition for CuAuI (LIq ordering), whereas 
experimentally the transition is of first order for both the stoichiometric compositions. 
The Bethe approximation is even worse, and predicts no transition at all. The cvm does 
much better and predicts correctly a first order transition for both. The main advantage 
of the CVM is that reasonably accurate results are obtained without too much 
computational effort (—^much of this has no doubt been due to the exercise of ingenuity 
in arriving at the practical computational scheme). In the results reported thus far, 
about 30 to 70 nonlinear algebraic equations had to be solved but it was not taxing. 
However, numerical difficulties were found at low temperatures where some of the 
cluster probabilities tended exponentially to zero. Where transition temperatures are 
concerned, the cvm does a respectable job, judging from the 3-D cubic Ising 
ferromagnet for which independent, reliable results sire available from high- 
temperature expansion methods (table 1). But where exponents are concerned, cvm 
predicts only classical ones for higher-order transitions. This is not unexpected since the 
method is built around equilibrium correlation functions and does not include 
fluctuations. It is perhaps not out of place here to mention that Mahan and Claro (1977) 
have used the real-space renormalization-group approach to calculate a CuAu-type 
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(a) 


(b) 


(c) . 


ATOMIC PERCENT Au 

Flgorc 19. Phase diagram for the Cu-Au system (a), results obtained by Shockley (1938). <b). 
shows the CVM results of Kikuchi et ol (1980). For comparison, the experimental results are 
given in (c) (Hansen 1958). 

phase diagram. The results are however poor in that the ordering of CuAu (LIq 
ordering) is not predicted and the ordering of CujAu (Llj ordering) is predicted to be 
of second order. 

The stage is now set to consider a totally different approach to the calculation of 
phase diagrams viz., that of computer simulation. 
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3.3 Phase diagrams and computer simulation 

As in several other branches of physics, computer simulation has proved extremely 
useful in unveiling various subtle aspects relating to phase transformations. In this 
subsection, we review the work done in relation to phase diagrams while in a later 
section, we shall touch upon studies in kinetics. 

The basic idea is to start with a representative Hamiltonian that describes 
configuration interactions, and then use a Monte Carlo technique to deduce the 
structure appropriate to specific thermodynamic conditions. Since the problem is 
formulated in the Ising-spin language, there are understandable links with many 
magnetic problems. 

To obtain the desired Hamiltonian, we go back to (11), the expression for internal 
energy. Adding to it a chemical potential term as earlier, we have 

i 

I "ij (' -«) (27) 

^ ij li^m I 

Introducing Ising spins as in (20), the Hamiltonian in (27) can now be transformed 
(barring a constant term) as 

E JM-HlSi, (28) 

l^m I 

where 

Jim = + Vgg (l-m)- 2v^g(l - m) }/4, (29) 

is the exchange integral for Ising spins, and 

7^ = 5 E (30) 

is an 'externar field acting on the Ising spins. 

As it stands, the spin at site I interacts with spins at all other sites m in the lattice. To 
make the problem tractable, one restricts, as earlier, the range to the nearest and next 
nearest neighbours so that J^^now is given by 

Jf= -J ^ S,Sj + aJ Z S.Sj-H'ZS,. (31) 

(nn) (finn) i 

The parameter ( — a) is a measure of the relative strength of the nnn interaction. 

One now takes a system of N = 4L^ spins on a fee lattice with periodic boundary 
conditions. In the actual simulation, N was ^ 15000. Next one specifies an initial 
configuration Xq = {5i,S2,. .. ,5^^}, the choice of which will be discussed shortly. 
Using pseudo random numbers, one then generates a random change of configuration 
Xi. There are two ways of achieving this, depending on what ensemble one 
works with. If one is using a canonical ensemble, then the total ‘up’ spin as well as the 
total ‘down’ spin must be individually conserved. Hence Xq^ X^ is achieved by 
choosing at random a nearest neighbour AB pair and exchanging spins. This ‘Kawasaki 
dynamics’ (Kawasaki 1972) conserves the concentration Cg of the system. In the case of 
the grand canonical ensemble, the magnetic field is held constant and Xq-*^ Xi is 
implemented via the flip -> — 5,- of a randomly chosen spin. These spin fluctuations 
are equivalent to fluctuations of Cg. As is well-known, both ensembles should yield 
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results equivalent to each other in the thermodynamic limit iV -> oo. Working with 
finite N as in simulation experiments, it is important to verify that the results do not 
depend on the ensemble chosen. Having produced a change one now 

computes {in both cases) the energy change 8U — 3^{X^) resulting from the 

configurational change. The transition probability for such a change is 

= exp (- 8Ulkj,T)l {1 + exp ( -5UlksT )}, (32) 

which is compared to a random number rj chosen uniformly from the interval (0,1). If 
W>riy the transition is performed; otherwise the old configuration is counted once 
more for the averaging, the attempted is rejected, and another transition is tried. The 
Monte Carlo steps (mcs) are repeated till an equilibrium distribution is obtained. To 
achieve convergence within a few thousand mcs, it is necessary to choose the initial state 
Xq appropriately. 

Two groups, namely that of Lebowitz and of Binder have been active in studying 
phase diagrams by simulation. Recently they merged their efforts to make a detailed 
study of a system that is a prototype for Cu-Au alloys (Binder et al 1981). Since this is 
the most comprehensive study to date, we shall present some results from it. 

In this work, nearest neighbour interactions alone were considered Le. a was set equal 
to zero. The initial state was variously chosen as ferromagnetically ordered state, a 
disordered state or an antiferromagnetic state, as appropriate. Runs using the canonical 
ensemble were done at various fixed compositions Cjg, and for each composition, runs 
were taken at several temperatures (actu^ly at several values of k^TI\j\). The grand 
canonical ensemble runs were done for various fields corresponding to a fixed 
temperature, and the temperature was subsequently varied. The quantities monitored 
were, (i) the internal energy, (ii) the net magnetization m and (iii) the order parameter m. 
In terms of the sublattice magnetization (v = 1,2,3,4) defined by 

mv = (l/N)i;<S,,>, (33) 

i 

over vth sublattice 

m is given by 

m = mi + m 2 + mj 4- m^, (34) 

while m is given by 

m = mi + m 2 — m 3 — m 4 {AB structure) 

= mi + m 2 -f m 3 — m 4 (A 3 B structure). (35) 

Figure 16 shows a plot of magnetization as a function of the appUed field. When H is 
zero, there is no magnetization. As H is increased, m also increases, and the increase 
would have been linear (dashed line) if the system were disordered. Instead, the m value 
stays below the dashed line indicative of order until afield is reached when it jumps. 

is thus a critical field required to derive the system to disorder. Order sets in again at 
ife/' and disappears at . The order parameter variations are also shown in figure 16, 
from which the field-induced transitions (at a fixed temperature) are clearly evident. 

Figure 16 is what is termed ‘raw data’ by Binder el al (1981). For several such data, 
the phase diagram of the Ising antiferromagnet was constructed as in figure 17. Noting 
that = (1 --S,)/2, the average concentration of B atoms in the alloy is related 
to m by Cj = (1 — m)/2. Therefore, the diagram of figure 17b which is the phase diagram 
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Figure 16. Order parameter (top) and 
magnetization (bottom) for the nearest 
neighbour Ising antiferromagnet plot¬ 
ted as a function of the field for the 
temperature 7*^/1 */| = 1*5. Estimates 
for the three critical fields Hc^ and 
Hc^ are also indicated, (after Binder et 
al 1981). 


H/IJI 


A 



0 Hc/IJnnl 5 10 Hc2/IJnnl 

H/IJnJ 


(b) 

Figure 17. (a) Phase diagram of the 
nearest neighbour fee lattice in the 
temperature-composition plane. Ordered 
structures are indicated. All transitions 



are of first order, (b) Phase diagram in 
the temperature-field plane. 



for an Ising antiferromagnet in a magnetic field can be mapped to the fe'mpefaTcire- 

composition plane as in figure 17a to yield a phase diagram appropriate to the alloy AB. 
The two-phase regions shown here arise from the fact that for certain values of the field, 
m is multivalued. 

Recently, Binder (1981) has extended the above work to include nnn interactions also. 
The phase diagram is now considerably altered (see figure 18), a noteworthy feature 
being the occurrence of a multicritical point at if = 0. This is an interesting finding in 
view of a recent theoretical prediction that such a point arises out of a meeting of lines 
of 3- and 4-state Potts model-like transitions. 
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Returning to the implications for the alloy problem, the broad finding is that 
simulation corroborates cvm results as is explicitly brought out in figure 19. At 
stoichiometric compositions, the two methods come fairly close to each other. This has 
also been noted from limited simulations done for a = 025. The feeling therefore is that 
stoichiometric alloys are rather insensitive to the parameters of the model as well as the 
accuracy of the approximations used. Study of off-stoichiometric systems (both 
experimentally and theoretically) may be more worthwhile. In this context. Binder 
(1980a) has proposed that one could, for example, explore short-range order as a 
function of composition (see figure 20). Measurements of this type would provide a 
valuable test of whether a model faithfully represents a real system. Another useful hint 
to emerge from these studies is that the interaction parameters are probably 
composition dependent. In other words, the same exchange integral J (r) cannot be used 
over the entire composition range. The possibility of ‘frustration* is yet another 
interesting finding. To understand this, we refer to figure 21 which shows two 
neighbouring cells of the B structure. Focussing attention on the spin at the centre of 
the common plane, it is found that four of its bonds to m are energetically favourable 
while the other eight are unfavourable. Therefore at the critical field , this spin can 
be overturned at no cost. One has essentially a ‘frustration-type’ of situation here since 
the central spin is under conflicting orders. Binder et al (1981) therefore advocate 
improvements to theoretical methods so as to handle frustration. 

As of now, the computer simulation method has some limitations. Being time 
consuming, it cannot be applied for wide ranging explorations as, for example, the cvm. 
Also the treatment of the configurational entropy is crude. However, there is no doubt 
that valuable insight has been gained from whatever has been done so far. And it is also 



binary alloy as obtained by simulation and the cvm results (after Binder et al 1981), 
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Figure 20. Schematic plot of the vari¬ 
ation of the (Cowley) short-range order 
parameter as a function of concentration. 
The temperature is fixed, and below Tg. The 
sharp variations are related to the crossings 
of the phase boundaries. See also figure 45 
(after Binder 1980a). 



Figure 21. Dlustration of the concept of a *spin* under conflicting orders and thereby 
becoming loose* at the critical field. For explanations, see text According to Binder et al (1981) 
such a ‘conflict’ leads to a frustration-type of situation as in spin glass (after Binder ei al 
1981). 

clear that simulation will always be required both to complement as well as to 
continually spur experiment and theory. 


4. Kinetic phenomena 

We turn our attention now to phenomena that occur when one either approaches a 
phase boundary or crosses it. As is to be expected, there will be manifestations of critical 
phenomena in the neighbourhood of a transition across the boundary, and such critical 
effects have indeed been observed even in the twenties. For instance, Johansson and 
Linde (1928) found that the electrical resistivity of CU 3 Au rose sharply with increasing 
temperature around 390°C, the transformation temperature. One could therefore 
envisage extensive studies on critical exponents related to the vast variety of 
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transformations possible. It is however unlikely that such studies while very useful will 
reveal anything fundamentally new concerning the basic universalities under lying 
critical phenomena since the cream has in a sense already been skimmed off. Far more 
interesting is the study of dynamic phenomena following a quench as it raises questions 
in nonequilibrium statistical mechanics, currently an active area. 

In systems such as we are interested in, quenching (notionally) causes a step function 
change of temperature. However, although the phonons have readjusted, the atoms are 
unable to follow suit and occupy their new equilibrium positions with such rapidity. 
Positional readjustments involve large scale migration of atoms through diffusive 
processes, necessarily requiring some time. Thus, immediately after a quench, the 
system is left in a highly non-equilibrium state. It then coasts down (with the atoms 
readjusting their positions), eventually attaining equilibrium. Studies made during the 
coastdown can shed valuable light on the behaviour of systems far from equilibrium. 
The attendant nonlinearities make such investigations even more interesting. 

In this Section, we shall review progress in the understanding of such kinetic 
phenomena and also indicate questions that still await solutions. 

4.1 Linear kinetics 

The broad question one faces is: What exactly happens after a quench? There is no 
simple universal answer to such a question for much depends on whether one is 
considering the early- or the late-stage behaviour, whether it is a clustering or an 
ordering system, etc. We shall deal with some of these complications as we go along. For 
the present we will offer a qualitative picture assuming the system responds linearly to 
the forces set up following the quench (—a bad assumption!). 

Let Cj, be the average concentration of the B species and c (r, t) the distribution (of the 
B species) in the quenched alloy. It is convenient to consider c(/c,t) the Fourier 
transform of the composition fluctuation [c(r,t)“CB]. c{k,t) thus represents a 
compositional wave of wavevector fc. If the system behaves linearly, then each Fourier 
component has an evolution history that is completely delinked from those of the 
others. The task now reduces to formulating an equation of motion for c{k,t) and 
solving it. Thanks to the linearity assumption, one has (Cahn 1961, 1968) 

c(/c,t)~exp[a(lc)t], (36) 

where a{k) depends on the forces acting in the quenched system. If a is negative, the 
fluctuations decay but if a is positive the fluctuations grow, in fact indefinitely, 
indicative of an instability in the system. The question therefore is: How does a (k) 
behave as a function of fc, and, in particular, is it positive for certain values of fc? The 
latter would depend of course on the instabilities. 

Figure 22 shows some schematic plots of a both above and below the transition 
temperature for a clustering as well as an ordering system (Cook et al 1969). We notice 
that a becomes positive only below the transition temperature. Only then do certain 
fluctuations grow to giant proportions, driving the system to a totally new state 
altogether. Fora clustering system a becomes positive near the zone centre, whereas for 
an ordering system it becomes positive in the neighbourhood of the superlattice 
position associated with the ordering process. 

Now fluctuations cannot really grow in an unbounded manner, and such growth is in 
fact arrested by nonlinearities. Another way of saying this is that the different Fourier 
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(a) 



Figure 22. Schematic plot of at above and below the transition temperature (a), situation 
for a clustering reaction, where a becomes positive below around /c = 0. In an ordering 
reaction on the other hand, ol becomes positive in the region of the superlattice reflection. The 
region where a becomes positive is related to the region where V(k) has a minimum (after Cook 
et al 1969). 


components start interacting with each other, checking runaway growth^While the 
concept of a linear’ amplification factor a (k) does become blurred to some extent in the 
presence of non-linearities, it certainly is meaningful in the disordered region at least. 

Some interesting experiments on ‘disordering kinetics* have been performed to 
obtain plots of a (k) and they are worth a brief mention (Paulson and Hilliard 1977). In 
these experiments, a multilayer film several thousand Angstroms thick was prepared by 
alternately depositing two elements {e.g Cu and Au) in the desired proportions. The as- 
deposited composition modulation produces satellite peaks in an x-ray diffraction 
pattern. One now upquenches the specimen, taking it into the one-phase region. The 
modulation then progressively disappears due to the interdifiusion of the atomic 
species. By monitoring the time-dependence of the intensity of the satellite peak, a (k) 
can be obtained. The wavelength of the modulation can be varied by controlling the 
deposition, and in this way a (k) can be studied as a function of k, A typical plot so 
obtained is shown in figure 23. We shall return again to the amplification factor for 
clustering systems in § 4.3. 

Linear theories essentially provide first-order answers. They are reasonably adequate 
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Figure 23. Amplification rates a vs A observed at 225°C in thin films of Cu-16 at % Au (after 
Paulson and Hilliard 1977). 

in the disordered region where all fluctuations decay, and one does not encounter 
runaway situations. However, such theories are inadequate as one approaches the 
critical region; and in the ordered region, they totally fail to describe the kinetics. 

4.2 Beyond linear theories 

For answers beyond linear theories one should look to nonequilibrium statistical 
mechanics, and presently we shall consider some general aspects. To provide a 
framework for the discussion, we shall suppose the free energy density/to be given by 

/(x; a,b) = { ax^ + i x^ + fcx. (37) 

This is the Ginzburg-Landau form, together with a magnetic field term bx. The 
quantities a and b are the control parameters while x is the order parameter. Our/ here 
is equivalent to the grand potential discussed in § 3. 

Our first interest is in the minima off, and the locus traced by them as a and b are 
varied. In the language of catastrophe theory (Gilmore 1981), the minima are the critical 
points of / The various critical points of /are obtained as follows: 

nondegenerate crit. pt (d//dx) = 0 i.e. x^ + nx + b =0 

two-fold degenerate 

crit. pt. (d^//dx^) = 0 le 3x^-ha =0 

three-fold degenerate 

crit. pt. (d^//dx^) = 0 Le 6x = 0. (38) 

It is easily seen from above that the locus of the doubly degenerate critical points is 
given by (Gilmore 1981) 

(a/3)3 + (b/2)\=0. (39) 

This ‘fold curve’ also called the separatrix is sketched in figure 24, and it divides the 
parameter space into two regions representing functions with one critical point and 
functions with three critical points. This feature is made explicit with representative 
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f vs X for the various points in the {a, b) plane indicated by dots (after Gilmore 1981). 

plots for/corresponding to various points in the a~b plane. The origin represents the 
function / = (xV4), and corresponds to a three-fold degenerate critical point. 

It is helpful also to have some idea of certain surfaces associated with / (Gilmore 
1981; kikuchi and de Fontaine 1976). These are (i) the critical manifold defined by 
(d/ /dx) = 0, (ii) the critical value surface/ made up by the values assumed by / when 
V/ = 0 and (iii) the critical curvature surface defined by (d^//dx^) = 0. Sketches of 
these surfaces are given in figure 25, and they aid the analysis of system behaviour 
following a disturbance to the system. Thus, for instance, the critical curvature surface 
is useful while discussing the stability of the system. 

In nonequilibrium phenomena, the state of the system is governed by / which often 
changes for one reason or the other. In this changing situation, the system attempts to 
find a minimum appropriate to the prevailing conditions but when several minima are 
available, the question naturally arises regarding which minimum the system jumps to. 
Two extremes are possible as illustrated in figure 26. In figure 26a the system remains in 
a stable or metastable equilibrium state until that state disappears whereas in figure 26b 
the system always chooses the global minimum. Between these two limiting conven¬ 
tions, many other possibilities exist. Which of these conventions operate in a given 
situation depends on the relative values of the barrier height A E and the noise level N. If 
N/AE 1, then the delay convention is observed while if N/AE > 1 the Maxwell 
convention operates (figure 27). 

Another way of looking at a system evolution is via the probability distribution 
function P (x, t). Figure 28a shows a schematic plot off (x) at some instant of time while 
figure 28b depicts P(x, t) for that same instant. Notice P peaks away from the minimum, 
typical of a nonequilibrium situation. As time evolves, JP (x, t) will seek to attain a form 
appropriate to equilibrium. There are two characteristic times and T 2 associated with 
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Figure 25. Schematic plots of various critical surfaces associated with the f of (37) (a), surface 
defined by V/ 3 = 0. (b). critical value surface which, for a given (a, b) gives the f value 
corresponding to the condition V/ = 0. The critical curvature surface/" = 0 is sketched in (c). 
This is useful for discussing instabilities. At the bottom is projected the fold curve. The 
relationship of the latter to the various surfaces sketched above it should be clear (after 
Gilmore 1981). 

this approach to equilibrium. Of these, is the time for relaxation to a local minimum 
and T 2 from a metastable minimum to a global minimum (see figure 28d). In transiting 
from a local minimum to a global minimum the system essentially drifts (in x space). 
Relaxation to a local minimum on the other hand is like a diffusive process. 

The regime of the two conventions can also be spelt out in terms of Ti and Ta- If 
C = {a,b,...} denotes the set of control parameters, then the delay convention 
operates if (Gilmore 1981) 

^:'|>(dC/dt)>^ 2 ^ (40a) 

while the Maxwell convention operates if 
(dC/dt). 


(40b) 
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(b) 


Figure 26. Illustration of the two conventions adopted for discussing change of state under 
nonequilibrium conditions, (a). Delay convention—the system remains in a stable or 
metastable state until that state disappears, (b). Maxwell convention—the system always 
chooses the global minimum (after Gilmore 1981). 



Figure 27. Dlustiation of the conditions under which the delay and Maxwell conventions are 
applicable. 


To see the link between these two conventions and the topography of the critical 
manifold, we present in figure 29 the projections of the critical manifold on the (a, b) as 
well as the (a, x) plane. When the Maxwell convention is adopted, the critical manifold is 
a “soldered manifold” because the portions of the manifold V/ = 0 describing unstable 
critical points and metastable minima have been removed and replaced by a flat piece 
which interpolates between the two mlmima . Later in § 4.3 when we consider phase 
separation, we will recognize the projections of the two manifolds on the (a, x) plane as 
the coexistence line and the spinodal respectively. The projections on the (a, b) plane are 
of special interest in a ferromagnet where one has the practical possibility of varying the 
magnetic field and inducing a phase transition. It is illuminating to follow the 
transitions (especially under nonequilibrium conditions), as trajectories on the critical 
manifold (see Gilmore (1981) for examples and details). 
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P 


i 



(b) 


i 




Figure 28. Descriptioa of the system evolution in tenns of the probability distribution 
function P(x, t). (a) and (b) depict/(x) and P(x, C) at some instant t, say (after Gilmore 1981). 


The quantitative aspects of the approach to equilibrium revolve almost entirely 
around the probability distribution function P (x, r). A quench, for example, creates a 
certain P(x,0). The system not being in equilibrium, P will naturally evolve 
approaching that appropriate to equilibrium. The questions in this context are: What is 
the equation that governs the evolution of P, how does one solve this question, and how 
does one use this knowledge of P to make predictions pertinent to specific experiments? 

The evolution of P is governed by the well-known Fokker-Planck equation 


dP 

dt 


d Nn-I 1 ,^d2p 


(41) 


here D is the diffusion coefficient and K (x) a drift force. In many problems, this drift 
force can be expressed as the gradient of a potential i.e. 

K(x)=-[dV(x)/dx]. (42) 

In our problems, K (x) will be related to the free energy. 

The derivation of the Fokker-Planck equation from tlie more fundamental Master 
equation is too involved a question to be discussed here but fortunately good 
treatments are available in literature (—see, for example, Haken 1978; for a discussion 
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Figorc 29. Projections of the critical manifold (V/ = 0) on the (a, b) and (a, x) planes. 


vis-a-vis problems of materials science, see Venkataraman and Balakrishnan 1977; 
Venkataraman 1982). 

The Fokker-Planck equation is sometimes written as a continuity equation i.e. as 

P+^J~0. ( 43 ) 

where j the probability current is given by 

(44) 

In equilibrium statistical mechanics, one is interested in the stationary solutions of 
the Fokker-Planck equation; but in our kind of situations, it is the time-dependent 
solution that is of interest. In general, finding exact solutions is not possible, and one 
must resort to a suitable approximation scheme. A very readable account of these 
problems is available in the book of Haken (1978). Figure 30 shows a schematic plot of 
the evolution of P in a typical problem. Starting off as a 5-function, P drifts (which gives 
rise to the dotted line trajectoryj and it also broadens (due to diffusion). 

The probability density function we need for discussing clustering etc is somewhat 


M- 3 ' 
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Figure 30. The concept of time evolution of F(x,t) is discussed in this figure. For 
convenience x is assumed to be two dimensional and it is supposed that at t = 0, P starts off as a 
^-function. With the passage of time, the state of the system drifts in x-space as indicated by the 
dotted trajectory. Simultaneously, due to fluctuations, the distribution function also broadens. 


more general, being a functional of the form P Here 

{^} = (fl, 'I'. . fnl ( 45 ) 

with ij/r being the coarse-grained value of the order parameter ^ in the rth cell. i.e 


/fiodl r 

There are lattice sites I in cell r and there are n cells in all. {^} comprehensively 
describes the state of the system. 

Like P(x,t) which we considered earlier, P({^}, t) is also conserved. In the 
continuum limit (where sums over coarse-grained cells are replaced by integrals), the 
continuity equation is given by 






SJr 

s^iry 


(47) 


where ^ probability current, and S signifies a functional differentiation. 

The expression for depends on whether the order parameter is conserved or not. 
The latter quantity is said to be conserved if the change + e in tixt cell r is 

accompanied by a compensating change in a neighbouring cell s. In 

clustering reactions, the order parameter is composition which obviously is conserved. 
On the other hand, in ordering reactions the order parameter is not conserved (—^recall 
the examples of ferro- and antiferro magnets). Bearing these two possibilities in mind, 
the expression for can be written as (Billotet and Binder 1979) 
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where F {^} is the (coarse-grained) free energy functional. If the order parameter is 
conserved, then C = — MV? where M is the mobility*, whereas if the order parameter 
is not conserved then C is simply a rate factor fixing the time scale. 

Equations (47) and (48) are too formal and complex for practical use, and watered 
down versions are necessary. A common practice is to use the above equations to 
construct equations of motion for various moments of P. A few illustrative examples 
follow. 

Consider the clustering problem, and let c (r) denote the local concentration of B 
atoms. This is the order parameter, and being conserved 






Multiplying both sides of (47) by c(r) and integrating we get 


|5{c(r)}c(r)|p({c(r)}.t)= -|5{c(r)} Jdr' 
After simplifications, this gives the average equation 


SJ 

x^-^c(r). 


5c (O 


(49) 


(50) 


,5.) 

(M is assumed to be a constant i.e independent of c(r)). At this stage one makes the 
convenient assumption that P is always sharply peaked around <c(r) > le 


f’({c(r)},t) = 7t5(c(r)-<c(r)» 
This then leads to 


(52) 



- AfV^ 


{<c(r)>} 

5c(r) 


(53) 


Being an average equation, the bracket < ) can be dropped. The assumption (52) is 
crucial, for it implies that there are no fluctuations. In terms of figure 30 what it implies 
is a drift of a 5-function with no broadening. In § 4.3 we shall discuss an application 
of (53). 

Our next example relates to ordering where, we must remember, the order parameter 
is not conserved. Binder (1973) has used the same steps as above for this problem. He 
starts with (47) which, after manipulations, takes the form 


t) 

dt 




(54) 


where the drift force K{^{r)) is given by 


X(^(r))= - 


5\j/(T) ■ 


(55) 


Equation (54) is the Fokker-Planck equation generalized to deal with a situation where 
P is a functional rather than a function; compare with equation (41). For P, Binder 
assii Ttifts the Ginzburg-Landau form. He then calculates the first moment as in (50), 


The mobility is related to the diffusion coefficient by the Einstein relation D = MkgT. 
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making an assumption similar to (52). The resulting equation for (5^ (r)/5t) is the time- 
dependent Ginzburg-Landau equation as applied to the alloy problem. Once again, 
because of the approximation (52), fluctuations are not included in the treatment. 

For comparison with experiment, one needs correlation functions involving the 
order parameter like 

t)>= (56) 

Multiplying both sides of (47) by \l/ (r, t) \ff (r' t) and integrating, one obtains an equation 
of motion for the correlation function. This was essentially the starting point for 
Langer’s theory (Langer 1969; Langer and Turski 1973; Langer et al 1975) of spinodal 
decomposition. Billotet and Binder (1979) also used a similar approach in their theory 
of ordering reactions. Suitable approximations were then introduced by the above 
authors to make the solution of the equation of motion tractable, for subsequent 
comparison with experiment. As we shall note in the following subsections such 
theories while including in some measure the nonlinearities (which the time-dependent 
Ginzburg-Landau equation does) and fluctuations (which the Ginzburg-Landau 
equation does not) do not yet give perfect agreement, signalling the need for improved 
approximations. 

In brief, the usual starting point for problems involving nonequilibrium systems is 
the (‘generalized’) Fokker-Planck equation. From here, one must make one’s way 
through suitable approximations to an equation which can form the basis for 
comparison with experiments. The latter aspects will be dealt with shortly. 

For historical completeness we must mention that. Dienes (1955) and Vineyard 
(1956) wrote down by analogy with chemical reactions, a rate equation for the (long- 
range) order parameter S = < ^ Dienes (1955) calculated § numerically for both first 
order and se<^nd order transitions, and the trends obtained by him are sketched in 
figure 31. If S is positive for a certain value of S, then a fluctuation in the system 
corresponding to that particular S value will be unstable. Figure 31 will now show that 
in a second-order phase transition, the system is unstable to infinitesimal fluctuations 
whereas in a first-order transition, a large fluctuation (in S) is necessary. Qualitatively, 
this is often identified with a nucleation and growth mechanism (Yamauchi and de 
Fontaine 1974). 

The Dienes-Vineyard approach to ordering kinetics has now been superseded by the 
more formal treatment based on the Fokker-Planck equation. 

4.3 Spinodal decomposition 

It was at one time believed that phase separation occurred only through a nucleation 
and growth process i.e. small pockets of A-rich and B-rich regions first formed scattered 
throughout the specimen which subsequently grew and coalesced, transforming the 
entire specimen to the ordered state. Experiments however revealed that under certain 
conditions of quenching, the approach to ordering was quite different being akin to 
“continuous” ordering that one usually associates with a second-order phase transition. 
This mode of decomposition is referred to as spinodal decomposition. 

One picture being worth a thousand words (!) it is perhaps desirable at this stage to 
refer to figure 32 (Oki et al 1974) which, incidentally, gives some idea of the diversity of 
microstructure one can observe in such experiments. 
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Figure 31. Schematic plots of S »s S based on the 

calculations reported by Dienes (1955). The top o 

the figure shows sketches of the free energy as a 
function of the long-range order parameter S tor a 
first- as well as a second-order pl^ 


temperatures. 


distances indicated that a larp Stale nu^a Q^trivial insist into the processes 

diffusion model was tried, it fai ' MQ51 1952 1968). To obtain his model, 

actuallyoccurringcainefromtheworkofCahn(196 , 

we go back to (53) and put 


F(c(r)}= [dr(iKlVcl^-(-/(c)), 


(57) 


with 


f(c) 


=/o + 4 (c + f 


(58) 


thus obtaining 

= MV^[-KV*c-I- (df/dc)r] ■ 
dt 


Writing c(r, t) = -E 5c(r, t) and linearizing, 

^ = MVn-KV^-E (3^//3c^)r.ca]^c. 


(59) 

(60) 


Solving by Fourier transform, 

c(k,t) = F T of 5c(r,t). 

= c(k,0)exp[a(k)(]. 


where 


a(k)= ~Mk^(Kk^+f"\ 

= _MKk"(k' -fcc)J" = (e"//3c")c,r, fc? = 


H/"|for/''<0. 


(61) 
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Figure 32. Domain structures of Fe-24-7 at % A1 alloy quenched from 630°C and annealed at 
570®C. Shown here are the dark field micrographs with 200 reflection, (a), quenched, (b). 
annealed for 10 min (c). (d). (e). (f). annealed for 100,1000,3000 and 10000 min respectively 
(after Oki et al 1974). 


This is the gift of Cahn’s theory. 

At this stage, it is worth emphasizing the contributions made by Cahn. Firstly he 
noted that instead of writing the diffusion current as 

y(r)= -MV(a//0c) (62) 

as one usually does, one must allow for the possibility of the chemical potential varying 
from point to point in the medium and rewrite the current as 


j (r)= —MV 


SF {c(r)} 
5c(r) 


(63) 


with Fas in (57) and (58). (It is interesting that Cahn was not aware of the Ginzburg- 
Landau theory at that time!). 

Another question addressed by Cahn is that of coherency strain (figure 33). Sketched 
in figure 33 are two different sceriarios for the coformation of the two phases a and jS 
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COHERENT INCOHERENT 

(a) (b) 

Figure 33. Illustration of the concept of the coherency strain, (a). A cluster that is coherent 
with the matrix. The lattice spacing changes gradually from the grain to the surrounding region 
through a distortion zone. The strain associated with this distortion is the coherency strain, 
and makes a contribution to the energy. In the sketch in (b) there is atomic mismatch at the 
boundary, and no coherency strain. The cluster in this case is said to be incoherent. 

(say) after the quench*. In figure 33b there is complete atomic mismatch at the 
boundaries separating the a and p regions. With such a discontinuity, the clusters are 
said to be incoherent. By contrast, in figure 33a there is a gradual accommodation of the 
lattice parameter change through a distortion zone; the corresponding clusters are 
called coherent While incoherency is the terminal state, the phases initially formed are 
coherent whence the free energy has a contribution associated with coherency strain. 
Assuming the medium to be elastically isotropic, an energy density rj^Y (c — must 
then be added to/ (c). Here ?/ = (d In a/da), a being the lattice constant, and Y is given in 
terms of the Young's modulus E and Poisson’s ratio v as Y = E/(l — v). Consequent to 
this addition, a(k) gets modified as 

a(fc) = - Mk^ {Kk^ +/" + lr\^Y). (64) 

It is now seen from (61) and (64) that the sign of a depends on a balance of various 
factors. If coherency strain is absent and if/" is negative, then a (in (61)) can assume a 
positive value in the range 0 ^ k^ k^sis illustrat^l in figure 34. Thus compositional 
fluctuations with wave vectors in this region will grow, the component corresponding to 
k„ dominating. All other fluctuations will decay. Simple diffusion theory on the other 
hand predicts a (fe) = — M/c V whence all fluctuations will grow, the short wavelength 
ones preferentially. 

Referring now to figure 35 we see that /" is negative only for a certain range of 
compositions. One could therefore plot within the two-phase region, the locus of points 
where/" = 0. This is the spinodal and, as may be seen from figure 35 it divides the two- 
phase region into two zones (—see also figure 29). t If a quench is made into the region 
within the spinodal, an instability occurs causing the system to evolve to equilibrium 
through the growth of long wavelength compositional waves. Ordering thus sets in on a 
macroscopic scale, and increases gradually in amplitude (—hence the reference to 


*It must be mentioned that spinodal decomposition is also possible in certain binary fluid mixtures. 
However, there, one does not have coherency strain. For a comprehensive review of both alloys and liquid 
mixtures, see Gun ton (1982). 

t The Chamber’s dictionary defines spinode as a cusp, the root being the Latin word spina meaning thorn. 
From figure 29 we see the relationship of the cusp to the critical manifold, although one is more used to the 
projection on the (a, x) plane rather t^n the projection on the (a, b) plane. See also Kikuchi and de Fontaine 
(1976). 
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sure 34. 


Plots ofavskBS given by linear theories. 



Figure 35. At the top is sketched the usual 
double well form of the free-energy ds com¬ 
position. (See also figure S and (S8)). The 
second derivative/" is sketched in the middle. 
Instability is connected with /* being negat¬ 
ive. If coherency strain is included then {/" 
+ 2ii^ must be negative. At the bottom are 
shown the coexistence curve 1 and the 
spinodals 2 and 3. 
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“continuous” ordering). Outside the spinodal but within the coexistence line, there is 
metastability instead of instability. If a quench is made into the metastable region, the 
system evolves through the nucleation of order in several localized regions. These 
pockets grow in size and eventually link up so that order percolates everywhere. It 
appears that after equilibrium is finally reached, it is immaterial what route exactly was 
taken towards its attainment Le, whether it was quenched into the metastable or the 
unstable region. However, immediately after nonequilibrium conditions are es¬ 
tablished, the scenario does depend on whether one is in the region of metastability or 
of instability. It is in this context one wishes to know where/" vanishes, and this is 
precisely where a plot as in figure 25c is useful. 

If coherency strain is included, then 

k^ = K~^\r + 2rj^Yl (65) 

and for instability one must have (/" + 2rj^Y) negative rather than/". As a result, the 
spinodal is depressed with respect to the (incoherent) coexistence curve (see figure 35c). 
In liquids, such a depression is absent for obvious reasons. In passing, it should also be 
pointed out that the phase diagrams deduced from theory as in § 3.2 refer to the 
coherent phase diagrams whereas those determined by experiment (Hansen 1958) refer 
to incoherent phase diagrams. 

While Cahn’s theory gave some clue as to the origin of spinodal decomposition, 
quantitatively it was inadequate as it assumed linearity. Now one of the stringent tests 
for a theory is to compare the structure factor S (fc, t) predicted by it in the small k region 
with that observed experimentally. In Cahn’s theory 

S(/c, t) = <c(k, Oc(-/c, t) > = 5(k, 0) exp [2a(fc)t]. (66) 

Based on figure 34, one would expect S(k, t) to peak at k„ for all t whereas experiment 
showed that 0 as t oo. Another failing of Cahn’s ±eory is that it predicts the 
decay of S (k, t) to zero for k> k^ whereas it must actually approach that appropriate to 
the fluctuations at temperature T (to which the sample has been quenched). Cook (1970) 
traced this deficiency to the absence of fluctuations in Cahn’s theory (recall remarks 
circa equation (53)) and therefore modified Cahn’s diffusion equation into a Langevin 
equation, i.e, he wrote 

^ = - Vj+cy = -MWiSFISc), (67a) 

with 

<C(r. t)Ur', n > = 2Mdir-r')S(t-t'). (67b) 

Cook’s model produced only marginal improvements to that of Cahn’s since it too 
relied on linearity. The real breakthrough came with the work of Langer and co workers 
(Langer 1969,1980; Langer and Turski 1973; Langer et al 1975) who not only included 
fluctuations (as Cook did), but also the nonlinearities (though only approximately). 

To understand Langer’s work we start with the formal equation of motion for S(k, t) 
which is obtained as described in § 4.2 circa equation (56). Ignoring elastic effects, the 
equation for 5 (k, t) is; 

= -IMk^iiKk^ +ns{k, f)+i (dWeX ^3 (fc. 0 

+ i(dy/dc% SJk, t)+ ... ] + 2Mk,Tk^. 


(68) 
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Here 

Sn ('•j - '‘ 2 ,0 = < 5c"~ ^ (j-i, t) 6c (r^, t) > (69) 

and S„{k, t) is the Fourier transform of S„ (r, t). From (68) we see that Cahn had only the 
first term of the series and that Cook added the noise term. 

A major difficulty with (68) is that it involves the higher-order correlation function 
S„ (/c, t) to know which we need additional equations of motion! One thus ends up with a 
hierarchy of coupled equations, a familiar malaise of many-body theory. Langer 
and coworkers argued that no matter what n is, S„ always involves only two spatial 
positions and T 2 - It should therefore be possible to Compute for any n (albeit- 
approximately), given a knowledge of the two-point distribution function 
The latter was approximated by 

P2[c(ri), c(r2)] = Pi[c(ri)]Pi[c(r2)] 

I <(^c)^> <(^c)^> J 

If there were no correlations between the concentrations at and r 2 , then P 2 would 
just be a simple product of the one-point probabilities. In Langer’s scheme, 
the correction is proportional to <5c(ri) The equation of motion now 

simplifies to 

-2Mk^lKk^ + Ait)'\+2MkgTk\ (71) 

where A (t) itself depends on S (fc, t) and must therefore be calculated by a self-consistent 
scheme. For comparison, Cahn’s theory gives 

= -2Mk^ iKk^ + /"], (72) 

at 

while Cook’s theory gives 

—= -2Mk^ iKk^ +f'''\+2MkBTk\ (73) 

Ihe major success of the Langer theory is the prediction that k„ shifts towards the 
origin as time increases, in accord with experiment. Another important finding is that 
the structure factor satisfies dynamic scaling i.e 

S7.(k,t;c3) = (74) 

where e = (1 —T/T^), p, v, y have their usual meanings (Stanley 1971). Equation (74) 
is significant because it shows that dynamic scaling can apply to relaxation/ar from 
equilibrium 

The theory of Langer also is not without blemishes. One shortcoming is that it 
exhibits metastable states of infinite life-time. A related defect is the inability to describe 
properly the late stages of the separation. According to Binder (1977) these failings can 
be cured by explicitly building in features related to nucleation and growth. The late 
stage behaviour will be briefly touched upon again in a subsequent section. 

To counter the impression one might get that it is all theory (!), we now present some 
representative but important experimental results. Figure 36 shows small-angle 
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Figure 36. Differential scattering cross-section 
(dZ/dD) vs scattering vector p (kin our notation) 
for Au-60 at % Pt alloy quenched from 1270°C 
and aged at 5S0°C. In making the measurements, 
an “arresting technique” as illustrated in figure 44 
was used (after Singhal et al 1978). 


neutron scattering results for a Au-60 at % Pt alloy obtained by Singhal et al (1978). 
The sample was quenched from 1270 (± 5)°C into iced brine and subsequently aged at 
550°C. After aging for a certain time, the sample was quenched into water to prepare for 
measurements (which were done at room temperature). The sample was then 
successively subjected to additional aging treatment, followed in each case by a 
measurement to monitor the state of ordering. The data clearly indicates the shift of k„ 
towards zero with increasing time. 

The next result we discuss is that of Schwahn and Schmatz (1978) for Al-40 at % Zn 
alloy. This was a clever experiment designed to check the fact that due to coherency 
strain, the critical temperature associated with the spinodal is depressed below the 
(incoherent) phase boundary (see figure 35). Starting from the one-phase region, the 
sample was quenched to a temperature Tjust above 7^. Holding the sample at T, small- 
angle neutron scattering measurements were carried out. In contrast to what one 
observes in a usual second-order phase transition while approaching from above, it 
was noticed that S(k) changed with time. The reason is that though T > the sample 
was actually below the equilibrium (i.e incoherent) phase boundary. Thus, with passage 
of time, ordering occurred slowly via nucleation and growth and S(k) probably went 
over to a form appropriate to that process. Under the circumstances, the spectrum 
measured just after quench is the one representative of critical scattering i.e, the excess 
scattering arising out of the proximity of Tto (coherent). A rapid increase of scattered 
intensity (so isolated) was indeed observed as T -► , and it was firmly established that 

(coherent) was 28®C below the incoherent critical point of 351*5®C (sec figure 37). 
Further, S(k) immediately after quench had the well-known Ornstein-Zernike (1914) 
form usually found while approaching a second-order phase transition. Only, in this 
case the Ornstein-Zernike form was transient, giving way to a fluctuation spectrum 
appropriate to other processes. 

Spinodal decomposition has no doubt been explored by a variety of tools but of 
these, small-angle neutron scattering is perhaps the most useful for checking out 
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aspects we are interested in presently. The spectrometers currently available at the 
various high-flux reactors are quite powerful, being placed in cold-neutron beams and 
equipped with 2-D detectors and online computers. The possibility of rapid, real-time 
measurements (as in the Schwahn and Schmatz experiment) is a very attractive feature. At 
the new dhruva reactor at Trombay, a cold neutron source is being planned, and a small- 
angle measurement facility is also being contemplated. Such a spectrometer would give 
a great impetus to the above type of experiments in the country. While neutron 
scattering has an edge at the moment, x-rays have a strong possibility of staging a 
comeback, especially with the advent of synchrotron-radiation sources. 

Computer simulation is another important technique employed to test theoretical 
predictions. Lebowitz et al (1982) for example, have used the Monte Carlo method to 
study quenching under various conditions (see figure 38). In each case S(k,t) was 
determined, with time measured in units of a“ ^ where a~ ^ is the average time interval 



Fipire 37. Differential scattering cross-section vs wavevector observed at various tempera¬ 
tures in the neighbourhood of the (coherent) critical temperature (~ 324'’C). The sharp rise at 
small k is characteristic of critical behaviour. No critical scattering was found at 351°C the 
incoherent critical temperature. The /c-dependence near 324*’C follows the Omstein-Zemike 
form (after Schwan and Schmatz 1978). 



Fignre 38. Phase diagram of the Ising 
model used by Lebowitz et al (1982) in their 
computer simulation studies. The broken 
lines are spinodals. The dots correspond to 
the various quenches made. In each case, 
the system is started from an infini te tem¬ 
perature (after Lebowitz et al 1982). 
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between two attempts at exchanging a specific site. A time range up to 10"^was 
scanned, and, as expected, phase separation occurred with varying speeds depending on 
the nature of the quench. The relaxation was fastest for quench 5 and slowest for 
quench 1. A problem arises in making comparisons with experimental data since time in 
the latter is measured in real physical units i.e. seconds. However a link is possible since 
the unit of time in the simulations appropriate to a temperature T can be taken as 
a^/6D (T) where a is the lattice constant and D is the diffusion coefficient of A atoms in a 
crystal of B atoms. Using such a scaling, Lebowitz et al (1982) made comparisons with 
data obtained by Singhal et al (1978). The comparison is reproduced in figure 39 and 
the notable feature is that one could make the data from the actual and computer 
experiment lie on the same curve by only rescaling the vertical axis. Further comments 
on the scaling behaviour will be made when we consider long-term behaviour. 

4.4 Late stages of phase separation kinetics 

Subsequent to quenching, the system will after sometime, segregate locally into regions 
of A-rich and B-rich phases (referred to as grains or droplets or domains). With further 
passage of time, two things happen. Firstly, within individual grains itself, the atoms 
continue to approach an organization characteristic of the equilibrium configuration. 
In addition, the droplets themselves grow, coarsen or ripen, whichever way one wants 
to describe it. A proper theory for S (fc, t) must reflect both these aspects (see figure 40, 
Binder 1980b), but such a theory does not exist. Present theories have only one length 
scale whereas what figure 40 shows is the need for two. 

Quantitatively, the above ideas may be expressed as 

S(k,t)f^Sjy^{kj) + Sj^{k,t) (75) 

where dw refers to domain wall and id to intradomain. As t oo, S^w ^ const x 5{k) 
while Sfu -► Sjjy{k, eq). Immediately after quench, dw’s are not important and 
However, during late stages, it is that is more interesting as it gives an insight into 
the coarsening processes. 

One interesting discovery concerning late-stage behaviour is the existence of scaling. 
Since there is a characteristic length (^ domain size), associated with the process, it has 



Figure 39. Comparison of the computer 
simulation results (empty symbols) with 
experimental data (Singhal et al 1978) for 
Au-60 at % Pt alloy quenched to T ~ 0-6 T^. 
The broken line is for f >= 0 (the initial 
sample was already decomposed to some 
extent) (after Lebowitz et al 1982). 
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Figure 40. Sketch of S (k, t) vs k at 
long time. The two arrows show the 
two wavevectors corresponding to 
the two length scales (intra domain 
correlations and domain size). 
(After Binder 1980b). 


been conjectured (Binder 1977; Lebowitz et al 1982) that 

S:,^{k,t)^b{t)3^{k/K{t)) (76) 

where K{t) is the characteristic wavevector associated with the characteristic length, 
and b(t) is a normalizing function. Lebowitz et al (1982) have analyzed the data of 
Singhal et al (1978) for Au-Pt alloy and found good confirmation of this hypothesis (see 
figure 39). 

The question of coarsening has been considered even earlier in the context of 
nucleation theories. Lifshitz and Slyozov (1961) and independently Wagner (1961) have 
discussed the growth of droplets of B-rich phase immersed in an i4-rich matrix. This 
theory was really derived for small supersaturation such as one obtains in the late stages 
of a nucleation and growth process {e.g. in clouds). It is however often assumed that the 
Lsw theory can also be applied to the late stage coarsening of a spinodally decomposing 
system. The basic idea is that larger droplets grow at the expense of smaller droplets via 
the diffusion of B atoms between different droplets. An important conclusion of the 
theory is that the average droplet size R(t) (which is the characteristic length of the 
system) satisfies a t^^^ power law. Lebowitz et al (1982) found that K~^{t) derived from 
simulation studies appeared to show such a behaviour. Attention must here be drawn to 
the fact that existing studies on grain growth neglect the possible influence of coherency 
strain, a factor that is pertinent in alloys, though not in liquids (Binder 1977). 

There is one aspect of late stage behaviour we now wish to comment on that does not 
appear to have received attention thus far. It was noticed many years ago by de 
Fontaine (1967) during a simulation of spinodal decomposition (in one dimension) that 
whereas a compositional wave of well-defined wavelength develops immediately after 
instability is established, pretty soon a period doubling occurs. At that time, the 
possibility of period doubling as a route to chaos was not known (Feigenbaum 1978, 
1979,1980), The question of whether the formation of irregular domains is due to chaos 
appears worth a fresh examination. It is pertinent here to point out that de Fontaine 
(1975a) has mapped the problem of concentration evolution into a Hamiltonian 
problem and examined system evolution in terms of trajectories in a (c, dc/dx) phase 
space. More recently, Aubry (1981,1983) has in the study of certain defect structures, 
carried out a similar trajectory analysis and, what is more interesting, discovered the 





Phase transformations 883 

possibility of chaos under certain conditions. One wonders whether it would not be 
worthwhile to go back to the de Fontaine problem and reexamine it from this new 
perspective. In support of such a suggestion, we call attention to figure 41 which shows a 
computer simulated spinodal structure and that for a real binary glass (Hopper 1982): 
The simulated structure was obtained by superposing twenty 3-D waves of a single 
wavelength but of random orientation and phases. Notwithstanding this, there appears 
to be a regularity of sorts in the simulated pattern as compared to the real micrograph. 
Perhaps features related to stochasticity arising out of period doubling do play a role. 

4.5 Ordering reactions 

The extensive theoretical work on spinodal decomposition reviewed in § 4.3 has been 
extended to some extent (Binder 1973; Billotet and Binder 1979) to ordering reactions, 
although there has not been matching experimental work on the kinetic aspects. 
However, some attention has been paid to critical phenomena one expects near 
phase boundaries. 

We have already called attention to the early work of Johansson and Linde (1928). A 
more recent example is provided by the work of Hashimoto et al (1976) who studied 
ordering in CU 3 AU. Starting from the one-phase region, the sample was quenched to 
and held at various temperatures 7 below the (first-order) transition temperature 7^ of 
391 °C. At each temperature, the electrical resistivity was monitored as a function of 
time, and the relaxation time t for approach to equilibrium was deduced. A plot of t i;s 7 
showed a sharp increase as 7 7,“. Other probes have also been used to study critical 

phenomena e.g, Zener relaxation (Radelaar and Ritzen 1969) and isothermal release of 
energy (d’Heurle and Gordon 1961). 

X-rays have always been popular (see, for example the review by Cohen 1970), a 
recent example being the study of Hashimoto et al (1978). CUgAu the work horse, was 
the material investigated. The specimen was first annealed at a temperature 7 > and 
later quenched to a temperature below 7^ and annealed at the latter temperature for 
various spells. After each spell, the sample was quenched into water and the x-ray 
intensity in the superlattice region (110) was scanned. Initially, only a broad and diffuse 
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peak was observed but on increasing annealing time the peak narrowed and intensified, 
signalling the onset of order. From a plot of linewidth as a function of annealing 
duration, the relaxation time i could be extracted. A slowing down of relaxation was 
markedly evident as T -+ Ff. Another investigation meriting particular mention is that 
of Chen and Cohen (1977). The unique feature was that by employing single crystals, 
Chen and Cohen were able to study x as a function of k. Figure 42 shows their results for 
Cugi aAuia s obtained after a temperature change 355° and 330°C. As expected, t 
peaks near the superlattice position. 

Earlier (in § 4.3) we noted that under certain conditions, phase sepamtion takes on 
the character of a continuous transition. Is such a scenario possible in ordering systems? 
Indeed it is, as has been emphasized by de Fontaine (1981). The basic concept is easily 
understood with a reference to figure 43. In figure 43a is shown a family of free energy 
curves appropriate to a system undergoing a first-order phase transition. If the 
temperature is gradually lowered from above, order will set in at F = 7) (figure 43b) via 
a nucleation and growth process. On the other hand, a sudden quench to a temperature 
below 7J can produce the situation depicted in figure 43c. The system responds to the 
instability through the generation of an ordering wave of wavevector corresponding to 
the minimum of K(/c). The wave swells in amplitude gradually, spreading order 
everywhere. Therefore, vis-a-vis nonequilibrium situations, one can think of an 
instability temperature T^stab{<T^) below which continuous ordering occurs. 

While the concept seems possible, there is as yet no direct evidence for the existence of 
the instability temperature, although in an experiment due to Bardhan et al (1977) on 
CU 3 Au there is a strong suggestion. The analogue of the Schwahn-Schmatz experiment 
(§ 4.3) would be desirable. Incidentally, the dashed line in figure 15b is the variation of 
Tinstab with composition, as deduced from cvm. 

In some situations, continuous ordering is possible with an interesting twist. 
Following the creation of an instability, the system responds with a compositional wave 
whose wave vector does not coincide with that corresponding to the superlattice reflection. 



Figure 42. Wavevector-dependent relaxation 
time T (k). Shown here are data obtained along 
<h00 > and <hhO > lines. The continuous line is a 
guide to the eye (after Chen and Cohen 1977). 
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Figure 43. System response to different tempera¬ 
ture treatments (a), free energy curves for a first 
order transition, with transition temperature T,. 
When slowly cooled from above, the system ex¬ 
periences metastability on reaching T,, and orders 
by a nucleation and growth process. If suddenly 
cooled to a temperature well below T, as schemati¬ 
cally illustrated in (c), it experiences an instability. 
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However, the system somehow seems to reali 2 e this during its evolution, and comes up 
with a suitable mid-course correction (rooted in nonlinearities?) so that the correct 
ordered structure results on attainment of equilibrium. Apparently, the point of 
mayimum instability in reciprocal space need not always coincide with the wavevector 
corresponding to the ordering wave, de Fontaine (1975b) has suggested that Ni-Mo is a 
good candidate system for exhibiting such a schizophrenic behaviour! Here the 
instability is associated with a <1 ^ 0> wave whereas the ordering is based on a 
< 100 > wave. There is some evidence from x-ray diffraction (Chakravarti et al 1974) and 
electron microscopy (Das et al 1973) in support of the idea but a convincing test would 
be through a suitably designed real-time experiment. 

On the theoretical side. Cook et al (1969) extended the Cahn-type analysis (which 
was essentially applied to a continuum) to discrete lattice systems and demonstrated 
that under suitable conditions, ordering with the formation of a superlattice was 
possible. In fact, the curves of figure 22 are the products of such a linear theory. In an 
effort to incorporate nonlinearities, Billotet and Binder (1979) have followed the 
footsteps of Langer with, however, due allowance for the fact that the order parameter 
is not conserved. (Recall remarks made in § 4.2 regarding conserved and nonconserved 
order parameters). Earlier, Binder (1973) had tried a time-dependent Ginzburg-Landau 
type approach, with as much success as may be expected of a mean field theory. 

Billotet and Binder (1979) report many numerical calculations but unfortunately, 
barring some simulation results, they do not have much experimental data to compare 
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with. In fact Binder and Stauffer (1976) attempted to stimulate experimenters by 
explicitly calling attention to various aspects of the behaviour of electrical resistivity of 
binary alloys at phase transitions but the response of the experimental community does 
not seem to be adequate. 

A few remarks now about late stage behaviour in ordering systems. It has been noted 
(Binder 1980b) that as in clustering reactions, one has to recognize the existence of two 
length scales (see figure 40), one of which is related to intradomain ordering and the 
other to domain size. Since one is dealing with an ordering reaction, the intradomain 
part can be conveniently explored near superlattice positions in a diffraction 
experiment. The domain-wall effects on the other hand, are best picked up in a small- 
emgle scattering experiment. 

There is another aspect of domain walls that has occasionally been mentioned in the 
literature {e,g. Gunton 1982) but does not appear to have been examined in depth. Now 
the formation of different domains is usually thought of in terms of nucleation of 
ordering in different regions and the subsequent growth of the latter, leading to the 
formation of interfaces. In the symmetry-breaking language on the other hand, each 
ordered region corresponds to a manifestation of one of the possible ground states. The 
macroscopic physical system is thus trapped in different ground states in different 
physical regions. The resulting configuration/defect (i.e. dw) is therefore a topological 
entity. The topological aspects of dws have barely been investigated and are probably 
worth a closer scrutiny. 

Finally, a brief hark back to long-period oscillations (see § 3.1) (Aubry 1981,1983). 
One wonders whether some of the considerations in Aubry’s analysis of incom¬ 
mensurate structures do not have relevance to lpo seen in some ordered systems. This 
also appears worth looking into. 

We close this section by calling attention to an authoritative review by Freidel (1974) 
on the electronic aspects of order-disorder transformations (which we have skipped!). 
Physicists wishing to study order-disorder transformations, should not miss this paper! 

5. What can experimenters do? 

The title of this section is not intended to suggest that experimenters have been slack 
but merely that there is a dearth of certain types of information e.g. relaxation data. 

Now each probe has its own characteristic sensitivity, and it is necessary to integrate 
for a certain time during the experiment to obtain a signal above the background. 
When exploring nonequilibrium phenomena this poses a problem if the relaxation time 
Tjj is less than Zj^. One then has to use an “arresting” technique as illustrated in 
figure 44, wherein the system is periodically “frozen” in its coast down and then 
monitored. For example, the data of figure 36 was obtained in this fashion. However, if 
the signal is strong, one may be able to follow temporal changes directly in realtime. 
Improvements are therefore necessary for many techniques, if realtime measurements 
are to become feasible. In some cases like electrical resistivity, the required sensitivities 
are already there but nevertheless, the capabilities do not appear to have been fully 
exploited. Where neutron and x-ray scattering are concerned, increase in the primary 
source strength is an important factor. The availability of synchrotron radiation 
sources is therefore a welcome development in respect of x-ray scattering. Hardly any 
results pertaining to phase transformations have been reported using synchrotron 
sources, and there is much room for innovation and ingenuity. 
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Figure 44. (a) Time variations of some property when a system is quenched as in (c). If the 
decay is rapid as in case (1), then the system must be periodically arrested in its coast down as 
illustrated in (b). This gives convenient measurement slots whose width can be chosen 
suitably to optimize (signal/noise) ratio. However, if the measurement time is small, then one 
can follow the decay in realtime i.e. the time-temperature profile will be as in (c). In the 
examples shown, this could be applied to case (2). 

While discussing realtime measurements, it must be remembered that depending on 
the temperature, composition etc,, the relaxation times can vary over several orders of 
magnitude. Attention is drawn in this context to the various quenches attempted by 
Lebowitz et al (1982) in their simulation experiments (see figure 38) and the wide spread 
in relaxation times observed by them. Thus, many techniques can in fact be used on an 
as-available basis without waiting for improvements, provided one chooses the 
conditions of experiment properly. In passing, it is wor± noting that computer 
simulation is an expensive way of obtaining relaxation times. It is therefore very 
desirable to back it up with more extensive studies using a convenient probe (like 
resistivity). 

The types of probes one could think of are many. Some, like resistivity, have already 
been mentioned. Others include internal friction, ultrasonic attenuation etc. Binder and 
Stauffer (1976) have discussed in detail how resistivity measurements can be linked to 
order parameter dynamics. They have also called attention to the need for conventional 
studies of scaling behaviour as one crosses the phase boundaries. For instance, it would 
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be very interesting to follow the variation of resistivity with concentration at various 
temperatures as sketched in figxxre 45. The sharp rise and fall in the indicated regions are 
closely related to critical dynamics of the order parameter. 

In contrast to “macroscopic” probes like resistivity, the Mossbauer effect provides a 
probe that is nucleus sensitive. Oki et al (1977) have, for example, exploited this method 
to examine aspects of transformations in Fe-Al alloys. There is clearly more scope for 
work of this kind. Indeed, one could also consider nmr. With high-power pulsed nmr 
systems now commercially available, relaxation studies of the type considered here are 
no longer a mere theoretical possibility. The neutron is yet another nucleus-sensitive 
probe. In addition, it can also undergo magnetic scattering. Both these factors can be 
skilfully exploited, particularly where magnetic alloys are concerned. As of now, there 
appear to be very few examples of ordering kinetics studied using neutrons. One 
investigation I am aware of is the experiment of Collins and Teh (1973) on Ni 3 Mn. 
These authors upquenched in the ordered state, and for each step change AT of 
temperature, they measured the time required for the order parameter to stabilize to its 
new value. The kinetics of the order parameter were monitored via Bragg intensity of an 
appropriate reflection. Of course, a sophisticated technique like neutron scattering is 
not always required. Nowick and Weisenberg (1958) for example, simply followed the 
time variation of the Young’s modulus in their upquench experiments on ordered 
CU 3 Au. In general, there is a paucity of information about system dynamics following a 
quench. One needs both upquench and downquench experiments, within a given phase 
(Binder 1977) as well as across a boundary. 

While it is natural to think of relaxation time studies in the time domain, we should 
not forget traditional spectroscopy which also can give information about relaxation 
time, though of smaller magnitude. An experiment one could think of would be the 
analogue of the soft-mode studies made in connection with structural phase transitions 
(—^for a review of this area, see Venkataraman 1979). There one has a lattice dynamical 
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Figure 45. Schematic plot of resistivity vs composition at various temperatures. The dots 
show the regions where there is a sharp rise or fall, (after Binder and Stauffer 1976). 
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mode whose frequency diminishes as In ordering reactions, we have a 

compositional wave but of zero frequency. The scattering of radiation from this wave 
gives rise to intensity in the superlattice region. If an energy scan is made of the scattered 
intensity (—and this is possible with neutrons), then one will observe a certain 
frequency spread around m = 0, the spread being related to the relaxation time of the 
concerned compositional fluctuation. As the line width must decrease, 

indicative of critical slowing down of the compositional fluctuations. A systematic, 
quasi-elastic scattering investigation of the ‘softening’ of compositional fluctuations 
does not appear to have been made so far. 

Our preoccupation with long-range order should not blind us to short-range order 
which too is an important quantity! As the name itself indicates, the focus is on ordering 
on a localized scale. The key quantity is the (Ising) spin correlation < S, >. By suitable 
definitions (de Fontaine 1979), this spin correlation function can be related to the pair 
correlation function ^ (R = m -1) well-known in theory of liquids, and to experimen¬ 
tally measured quantities like the Warren-Cowley parameters. Clearly, short-range 
order would be of particular interest in the early stages after a quench, and in the 
disordered phase close to 7^. With synchrotron sources now available, it may be 
possible to follow the evolution of short-range order in realtime, at least in select cases. 
The results can then be linked to models for spin dynamics. Other possible studies 
concerning short-range order have been mentioned in § 3.3. 

At a recent Discussion Meeting on the Physical Basis of Mechanical Behaviour 
organized under the auspices of the Academy (where, incidentally. Prof. Ramaseshan 
delivered the keynote address), Dr G Srinivasan raised the interesting question of heat 
liberated following a quench. In the discussion that followed. Prof. C K. Majumdar 
drew attention to the pioneering work of Bra^ and Williams (1935) wherein the 
approach to order had been discussed in terms of a fictions temperature. Today, with 
our knowledge of magnetic resonance etc., we would identify this as the Ising spin 
temperature and the approach to equilibrium as a spin-lattice relaxation problem. This 
digression in the Discussion Meeting served to focus attention on the paucity of 
thermal measurements. Subsequently, I have come across one paper (d’Heurle and 
Gordon 1961) wherein calorimetry experiments on AujCu during ordering are 
reported. By and large, studies on the energetics of ordering appear to be rare. 

While comparing relaxation times obtained via different techniques, we should note 
that the coupling of the various probes to the order parameter is not the same. 
Moreover, some like resistivity, integrate the fluctuations of the order parameter over 
the wavevectors. Two such “integral” probes may not weight the different k’s in the 
same manner. In this sense, x-rays and neutrons enjoy the advantage that one can select 
a specific wavevector for study. All the same, other probes have their own utility in that 
they are usually faster and also less expensive! 

Thus far, we have confined attention to equal-time correlation functions of the form 
<^(r, t) ^(r', t)). This function continually changes with time till equilibrium is 
attained at t = oo. Probes like x-rays sample equal-time correlation function because 
they essentially produce an “instantaneous snapshot” of the system. We now extend 
consideration to unequal time correlation functions i.c., functions of the form < ^(r, r) 
\l/{r', t') >. The relevance of such functions to experiment will be discussed shortly. 

Billotet and Binder (1980) were the first to consider such functions in the context of 
phase transformations. The kinetics of such functions were modelled closely after 
Langer’s and their own earlier work on equal-time correlation function. They start with 
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the conditional probability ti; {^^}, 12 ) which is the probability that the 

system is in the state } at time t 2 , given that it was in state } at r^. The continuity 
equation for is: 


^pcond(|^i|^ t2) = 



im, hi{r},h) 


(77) 


the expression for being an obvious extension of (48). The sequence of steps 
thereafter is essentially the same as before, and, as earlier, a decoupling approximation 
is made for P (\^^|’, tj) which is the probability that we have a slate at rj at 

time and a state r 2 at time £ 2 . In this way, they finally arrive at the following 
expression for S(k, tj, ti): 

S(k, tjti) = S(k, h) exp [-C j'’ dt{Kk^ + A{t)}l t 2 >h. (78) 

with C = Afk^ if the order parameter is conserved. 

The need for unequal-time correlation functions arises from the fact that some 
techniques probe the system not instantaneously, but over a certain period of time. 
For example, in an ultrasonic attenuation experiment, a time ~ (1/frequency) is 
involved. Similarly, in a neutron inelastic scattering experiment, fluctuations on a time 
scale t ~ (ti/AE) are explored where A£ is the energy transfer (Brockhouse 1958). Now 
in a system in thermodynamic equilibrium, one can exploit the fact that the system is 
stationary and express a correlation function of the form 


<^(t)i/r(0>as <^(0)^(t'-t)>. 

Stationarity however does not obtain in our kind of situations. At best, one can divide 
the whole time range into suitable slots, and hope for stationarity within each slot 
(Stratanovich 1963). 

Figure 46 offers a schematic comparison of the measurement of equal-time and 
unequal-time correlation functions. The total time span from t = 0 (instant of quench) 
to t = 00 (when terminal equilibrium is attained) is imagined to be divided into 
convenient (not necessarily equal!) intervals such that there is local stationarity in each 
time slot in the Stratanovich sense. An experiment like x-ray diffraction if done in real 
time, would give the “average” structure for each time slot. Fluctuations within each slot 
will not be explored. For that, it is necessary to either use a “frequency sensitive” probe 
or directly a correlation technique. Owing to the overall nonstationary nature of the 
process, the correlation function C(k, t; n) will depend on the index n of the time slot. 

As just indicated, one method of exploring fluctuations is to employ a frequency- 
dependent probe like slow neutron inelastic scattering. Billotet and Binder (1980) have 
used their model for fluctuations to compute S (fc, co; n). Their spectra show pronounced 
deviations from the usually expected Lorentzian line shapes; also there are oscillations. 
However, they obtain negative cross-sections which, as they themselves note, is 
unphysical. Billotet and Binder attribute this to the inadequacy of their approxima¬ 
tions. If earlier experience in the theory of liquids is any guide (de Gennes 1959), then I 
suspect that the trouble probably lies in the fact that the decoupling approximation for 
P has failed to respect the relevant sum rules. 

While as of now theory is in a somewhat poor shape, there is nothing to prevent 
experimenters from studying fluctuations under nonequilibrium conditions using the 
various probes at their disposal In particular, slow neutron scattering, ultrasonic 
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Figure 46. Shown in the middle are signals and their compartmentalization into slots 
indexed by n. In each slot, there is assumed to be stationarity. A conventional x-ray experiment 
measures equal-time correlation function for each slot, and the results finally appear as on the 
right. By performing an intensity correlation experiment in each slot, one can obtain 
information related to < ^(/c, (k, t + t) for each slot. Sketches of C(k, t; n) are given on the 
left. For each n, one will have different C(t) plots for the different k\ 


attenuation, internal friction are some of the tools which could be tried. Vigorous 
experimentation could in fact act as a spur to theory! 

An alternative method of exploring unequal-time correlation functions is to resort to 
the newly emerging technique of fluctuation spectroscopy (Magde 1977; 
Venkataraman 1982). Here one observes a suitable quantity Q (which couples to the 
order parameter) over a time span corresponding to one of our slots, and records all its 
fluctuations. One then processes the data to obtain One example of 

fluctuations observed by neutron scattering is given in figure 47 (Pederson and Riste 
1980). Of course in this particular example the system was in a stationary state but that 
is not necessarily a requirement. In fact, Kim et al (1978) have carried out a similar 
experiment but using light, and have actually studied phase separation kinetics in a fluid 
binary mixture. Intensity fluctuation spectroscopy (Berne and Pecora 1976) is being 
regularly used for exploring biophysical problems but its use in condensed matter 
physics is still rare. Where alloys are concerned light scattering is not possible but one 
could resort to a study of resistivity fluctuations (e.g. Venkataraman and Balakrishnan 
1979). No such experiment relating to kinetics of phase separation in solids has been 
reported so far. However, Kim et al (1980) have used precisely this technique to study 
fluctuations in a binary fluid mixture near its critical point. If sufficient intensity is 
available, even x-ray and neutron experiments to explore fluctuations in the time 
domain can be attempted. In brief, the entire subject of fluctuations during decay to 
equilibrium is largely unexplored both theoretically and experimentally. 
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Figure 47. Fluctuations of the scattered 
neutron intensity from a liquid crystal with a 
temperature gradient across. The system is in a 
stationary but nonequilibrium state. Observe 
that as the temperature gradient is varied, the 
fluctuation amplitude becomes large at a cer¬ 
tain stage. This is associated with the onset of 
turbulence in the material (after Pedersen and 
Riste 1980). 


6. Lamellar eutectic growth 

In addition to the solid-to-solid transformations so far considered, certain liquid-to- 
solid transformations are also interesting, besides being important technologically. To 
understand such transformations, we refer to figure 48 which shows a binary phase 
diagram of the type we are currently interested in. For example, Ag-Cu and Pb-Sn 
systems exhibit such diagrams. Consider an alloy of composition Cq and at a 
temperature such that its state is represented by the point a in the figure. On cooling and 
crossing the liquidus curve, one enters the region marked (a + L) which is a two-phase 
region where a liquid and a solid both coexist, the solid with composition C and the 
liquid with composition C^. The relative proportions of the solid and the liquid vary 
continuously as one moves down the line abc until at the temperature called the 
eutectic temperature, the liquid (of composition C^) freezes. Of course one could come 
down along df ; then one would have a pure liquid phase until at which point freezing 
occurs. This phase transformation i.e., the freezing of the eutectic liquid is often called a 
eutectic reaction. 

The solid state microstructure of the material having the composition will be an 
intimate mixture of two phases a and jj which are often present in the form of thin 
(around a few microns) platelets or rods. The lamellar microstructure of a typical 
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Figure 48. Illustration of the eutectic 
reaction. 


A Ccc Cq C|_ Cp B 

Cg ► 

eutectic is shown in figure 49 (Lyman 1972). The pattern is quite striking, undoubtedly 
reminding physicists of the patterns associated with hydrodynamic instabilities, for 
example. Indeed Langer has recently noted such similarities and has pointed out that as 
in the well-known Benard patterns associated with convective instability, the relevant 
steady state equations are incapable of predicting the unique behaviour observed 
experimentally. Specifically, the steady state theory of lamellar eutectic permits a wide 
range of lamellar spacings at any growth velocity whereas experiments seem to indicate 
a unique spacing. Accordingly, Datye and Langer (1981) have performed (as in 
hydrodynamics) a stability analysis for a model thinfilm eutectic. A major conclusion to 
emerge is that for ofF-eutectic compositions, there occurs a short wavelength instability. 
Figure 50 taken from the work of these authors shows a sketch of the oscillatory mode 
at its point of marginal instability. There is apparently some evidence from experiment 
for the existence of such a mode. As Langer notes, there is scope for much more work in 
this area both experimental and theoretical (especially in relation to kinetics). It 
certainly would be interesting to attempt experiments which are the analogue of those 
discussed in figure 47. 



7. Summary 

In this article, a broad overview of phase transformations has been attempted, 
essentially from a physicist's angle. While there are many aspects that might appeal to 
physicists, three areas have been highlighted since overlap with physics is manifestly 
evident. They are: The study of ground structures, the study of phase diagrams and the 
study of kinetics. In each area there are no doubt specifics and important details such as 
metallurgists are usually interested in, but there are also general features amenable to a 
basic analysis which physicists are likely to be attracted to. 

In the area of ground state structures, the emphasis thus far appears to have been 
mainly on structures derived from bcc and fee lattices. There is an obvious need to 
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Figure 49-50. 49. Picture of a 63 Sn-37 Pb 
eutectic (softsolder). The lead-rich solution 
appears dark in a matrix of tin lamellae (light) 
(after Lyman 1972). 50. Oscillatory mode at its 
point of marginal instability (after Datye and 
Langer 1981). 


extend this to other systems like hep etc. We call attention also to formal papers 
(Progov and Sinai 1975, 1976; Slawny 1979) on the subject lest such activity be 
dismissed as pedestrian! Inputting potential derived from first principles has thus far 
been largely avoided but given the vast progress made in pseudopotentials in recent 
years and the prospects for bigger and faster computers, one could envisage a new 
thrust. No doubt there is the additional complication of relaxation energy (see 
equation (19)) but one now knows how to handle this, at least in principle. 

Study of phase diagrams via simulation has made impressive progress but there is still 
a vast territory ahead. The viability of the cvm has been well established although there 
is room for improvement both in terms of going to larger clusters (which, incidentally, 
will call for fresh computational ingenuity) as well as allowing the exchange integral to 
vary with composition. The possibility of frustration is a stimulating discovery and so 
far, theory has not addressed itself to this question. Given the vigorous study made of 
this concept in spin glass, one could envisage exciting new vistas in the study of ordered 
systems also. The mappings that phase diagram investigations have achieved vis-a-vis 
models popular in the study of magnetism should act as an extra stimulant to physicists. 
Indeed one could probably now hunt around for suitable systems which are proving 
grounds for various kinds of Potts model etc. 

As regards kinetics, there is a pressing need for real-time measurements. This 
therefore is an area where physicists can make important contributions, given their vast 
experience with the study of relaxations. Of course the experiments may not be always 
easy, and ingenuity may be required in many'^ses! Correlation techniques have a 
bright future if one is bold enough to apply them (although theoretical support for 
interpretation is at present not available). Neutron scattering and x-ray scattering 
(especially using synchrotron radiation sources) are the preferred tools but others like 
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Mossbauer spectroscopy, ultrasonic attenuation and even resistivity can provide useful 
complements, being less expensive and also less time-consuming. Thus, while neutron 
scattering could be reserved for select measurements, back-up wide ranging scans can 
come from the other probes mentioned. Where theory is concerned, the area of kinetics 
is a veritable jackpot in as much as one is faced with fascinating questions about phase 
changes far from equilibrium. 

To keep the discussion relatively simple we have confined ourselves to substitutional 
systems (usually, metals with metals give such systems). If we extend consideration to 
systems where the B atoms enter interstitially in A {e.g. 0 in Ti), then it opens up a new 
world altogether. And then there are ternaries. No doubt they complicate matters, but 
who knows what surprises they have in store? In addition, there are the mixed oxides 
and mixed glasses which too, under certain circumstances, show phase separation. The 
interesting point about these systems is that they are amenable to study by light 
scattering (Schroder 1977), a technique we have barely mentioned. In respect of light 
scattering, the new wave of interest on colloidal crystals (Pieranski 1983) is also 
noteworthy. It is quite conceivable that various kinetic studies of colloidal crystals can 
be performed using laser light the way one usually investigates alloys using x-rays. 

We have stayed away from defects, for example vacancies. One knows vacancies 
afiect diffusion and therefore the role of vacancies may require examination. Perhaps 
for the present, these questions are best left to the metallurgists! 

We have also not dwelt much on microstructure. Metallurgists relish them! Certainly 
the patterns are fascinating but one tends to dismiss any underlying universality on the 
grounds that microstructure is probably controlled by local factors like dislocation 
density etc. This may be true to some extent but at the same time it is difficult to believe 
that Nature has no basic rules governing domain formation etc. Now that some links 
between defects and symmetry have been established (Mermin 1979), it is worth 
searching for possible universalities governing microstructure formation and evol¬ 
ution. Such deep insight can come only from physics but it requires a really bold 
venture! 


8. Concluding remarks 

The story goes that towards the end of the twenties when the Golden Age of quantum 
mechanics was drawing to a close, Dirac remarked that, 'the rest is all chemistry’. Such 
an extreme view of physics has continued to prevail, and as late as 1970, van Hove (who 
has himself made notable contributions to condensed matter physics) observed during 
an after-dinner address at the Batelle Colloquium on Critic^ Phenomena that, “We 
should constantly recall and reassert that the elucidation of the fundamental laws 
remain the most essential task of physics”. Referring to critical phenomena and topics 
of a similar kind he said, “It seems to me that physics now looks more like chemistry in 
the sense that in percentage, a much larger portion of the total research activity deals 
with complex systems, structure and processes, as against a smaller fraction concerned 
with the fundamental laws of motion and interaction. This Colloquium is a good 
example. Surely we all believe that the fundamental laws of classical mechanics, of the 
electromagnetic interaction and of statistical mechanics dominate the multivarious 
transitions and critical phenomena you discuss this week, and I presume that none of 
you expects his work on such problems to lead to the modification of these laws. You 
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know the basic equations better than the phenomena. You are after the missing link 
between them le. the intermediate concepts . which should allow a quantitative 
understanding and prediction of the phenomena ... Domb (1981) from whose essay 
on Critical Phenomena these quotes have been extracted, strongly disputes such a 
narrow interpretation of the goals of physics and points out that the goal is not 
restricted to the discover}^ of fundamental laws alone but encompasses the understand¬ 
ing of natural phenomena in general. Asserting that the giants of the past followed such 
an approach Domb observes, ‘"Clerk Maxwell tried to construct a mechanical model to 
illustrate Faraday’s laws of induction. He drew heavily on the theory of vortices in a 
perfect fluid and classical elasticity and was thereby led to introduce his famous 
displacement current. It was only later that he removed the ‘scaffolding’ to reveal the 
beautifully symmetric pattern of Maxwell’s equations”. 

It is ironic that just around the time van Hove expressed his misgivings, Wilson did 
his celebrated work on critical phenomena which later earned for him the highest 
accolade of Science— the Nobel Prize. More significant, this paved the way for 
important feedback from statistical mechanics to particle physics (— e.g, there have 
been Monte Carlo simulations in connection with lattice gauge theories (Callaway and 
Rahman 1982), not dissimilar to the simulations discussed in §3.3). 

In a different context, Anderson (1972) too has taken exception to the excessive 
importance attached to the study of fundamental laws. He observes, ‘The ability to 
reduce everything to simple fundamental laws does not imply the ability to start from 
those laws and reconstruct the Universe. In fact, the more the elementary particle 
physicists tell us about the nature of the fundamental laws, the less relevance they seem 
to have to the very real problems of the rest of science,..Illustrating his point with 
examples from many-body physics, he questions whether a cooperative phenomenon 
like symmetry breaking (which lies at the heart of a phase transition) can be predicted 
starting purely from a knowledge of the basic interaction between the constituent 
elementary objects. As he succinctly puts it, more is different! Incidentally, symmetry 
breaking is another area where there has been a profitable feedback from condensed 
matter physics to particle physics. 

The purpose of the above remarks and quotes is not merely to reinforce the point 
that condensed matter physics can as much be a frontier area, as, say, particle physics 
but also to remind condensed matter physicists that they in turn should avoid a snooty 
attitude towards materials science. As we have tried to argue in this article, there are 
many fascinating questions in materials science also, buried in the ‘complexities’ that 
traditional physicists shun. For those who dare to delve into these complexities and 
isolate the basic questions, the rewards could be great. 

Beauty, it is said, is in the eyes of the beholder. Where physics is concerned, 
something s im il ar appears to be true. The physics, turned out, often depends more on 
the investigator than on the phenomenon (at least the usual perception one has of it). 
We merely have to remind ourselves of the magical touch that Einstein gave to the 
observations of the botanist Robert Brown on the dancing pollen grain. What if he had 
dismissed it as ‘not physics’? 

In this country, Prof. Ramaseshan was perhaps the first person to establish a bridge 
between physics and materials science in a big way. Reared in the traditions of the 
Raman School, where the emphasis always was on natural phenomena in their totality, 
he. Was not averse to taking on the problems of materials when the challenge came. On 
the other hand, he invariably put to use his rich experience in physics and demonstrated 
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that by doing so, one could introduce novel approaches to familiar problems. Not 
surprisingly, he made the plea at Baroda for a larger perspective while defining Thrust 
Areas. It h^ been a pleasant task for me to amplify and illustrate that theme through 
this article. I only hope it does full justice to his remarks. 
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Growth of research and development in rare metals extraction in India 
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Abstract. The ushering in of the era of high technology in our country witnessed the 
emergence and growth of several new technologies which are either totally unconventional or 
less common in otherwise well known and established areas of industrial practice. A vivid 
example of the second category of advances is found in the development of extractive processes 
for obtaining the less common metals particularly required for service in nuclear, aerospace 
and electronics industries. In this paper, the growth of research and development in rare metals 
extraction in India is surveyed from its infancy in the fifties to the present stature of a firm 
footed technology accredited with several directed achievements and well-developed maturity. 

Keywords. Rare metal extraction; physical benefidation; chemical beneficiation; breakdown 
process; separation process; halide metallurgy; electrolytic reduction. 


1. Introduction 

One of the greatest technological upheavals in the history of human civilization was 
triggered by the second world war. During the post war period a large spectrum of high 
technology industries flourished. The frontiers of established technologies expanded 
and new highways opened up in the hitherto unexplored regions. The march of human 
progress entered into what is variously referred to as the nuclear age, the space age and 
the electronics age. 

If one looks at the mainstream technologies which defined the direction and 
sustained the momentum of such a total technological advance, achievements in metals 
and materials development stand out, having played a vital role. The development of 
appropriate metals and materials has always been crucial to transform scientific ideas 
into practical realities. 

We witness today, in our country, wide-ranging activities in the fields of science and 
technology. Since independence, we have come a long way in securing such an 
expansion. It is a matter of pride that we observe in the national scene massive 
development programmes in a number of advancing technological areas, as for 
instance, in nuclear energy, aeronautics and aerospace, electronics 
and oceanography—thanks to the efforts made and the support given to usher in this 
new era. 

Tracing back the sequence of science and technology development, it would seem to 
have started with the launching of the atomic energy programme in the country. 
Following the institution of the Atomic Energy Commission (aec) and the modest 
beginnings made in the early fifties, many disciplines of science and engineering—of 
relevance to this programme—have evolved and flourished. The wide variety and scope 
in these disciplines have enabled the progressive transfer of the experience to other 
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areas of science and technology. Developments in space, aeronautics and electronics 
have gradually entered the national scene. 

Any discussion on technological growth has to lead a discussion on materials 
development which constitutes the supporting structure like a back bone. As indicated 
in figure 1, while many of the ferrous and non-ferrous metals that are in every day use, 
are also required for peripheral structural applications in modem technology, they are 
not adequate for the critical core component applications in these technologies. Several 
members of the rare metals group viz beryllium, titanium, zirconium, hafnium, 
vanadium, niobium, tantalum, thorium, uranium, plutonium and the rare earths, 
possess the unique combination of physicomechanical, nuclear, electronic, and 
chemical properties. Taken together, these characteristics have qualified many of the 
above mentioned metals for core component applications. 

The extractive processes to obtain this specific family of metals indigenously at 
sufficient purity levels and in adequate quantities were not initially available. The 
development programme of aec, however, proceeded on the basic assumption that as it 
progresses, an adequate, dependable and continuing supply of appropriate metals and 
materials will be assured. To relieve the dependence on overseas sources for the 
strategic materials and to keep scientific and technological progress from being 
impeded or slowed down by materials shortages^ pursuits on metals and materials 
development received close attention. It is needless to mention here that without a 
strong and sound materials base, it is difficult to attain, in the long run, technological 
self-sufficiency, particularly in the frontier areas. 

India is fortunately blessed with significant raw material reserves with respect to 
many of the strategic metals. Complete and proper utilization of our natural rare metal 
resources presupposes the availability of a comprehensive body of scientific knowledge 
and engineering experience in the field of metal processing. An organization with 
multidisciplinary resources and skill to support a large spectrum of research projects in 
virtually all phases of metallurgy (figure 2) could accomplish this feat This responsibil¬ 
ity was thus taken over by the various laboratory and industrial units of the 
Department of Atomic Energy and, in particular, by the Bhabha Atomic Research 
Centre (barc). “Growth of R & D in rare metal extraction in India” then predominantly 



Figure 1. Status of materials requirement in high technologies. 













2. Definition of rare metals extraction 

Extractive metallurgy consists of the science and art of winning metals from the mined 
ore. For most common metals, the extractive metallurgy means the sequence of 
roasting, smelting and refining operations as indicated in figure 3. This scheme has 
characteristically failed to work in the extraction of many of the rare metals with which 
this presentation is concerned. Rare metals occur in nature in very complex forms, often 
in very low concentration. The procedures involved for recovering metal values are very 
elaborate, complex and require special equipment, processes and skill. Further, these 
metals show a high degree of sensitivity to impurities, which influence pronouncedly 
their physical, chemical and metallurgical properties. This dictates that the rare metals 
be properly protected at every stage of their production and use. 

Broadly, the process sequence for rare metals, as indicated in figure 3 consists of the 
all important separation step followed by specialised reduction and refining operations. 
As a further elaboration, figure 4 presents a generalised scheme for rare metal 
extraction. For an appreciation of such a sequence, a brief reference may be drawn to 
the extractive metallurgy of niobium, the flow sheet for which appears in figure 5. 

The joint occurrence of niobium and tantalum in nature conditioned by their close 
chemical similarities and the difficulties in separating them from each other halted their 
industrial development. In the past three decades, with substantial growth in demand 
and also in technology, complete flowsheets have been developed to get the pure metals 
in sufficient quantities. 

The benefidated columbite-tantalite ore is fed to the separation step. A pyrovacuum 
method was first attempted to separate the metals by chlorination but a hydro- 
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RARE METALS 


Figure 3. Extraction sequences for common and uncommon metals. 

ORE 



Figure 4. Generalised scheme for rare metal extraction. 


metallurgical route involving solvent extraction of the fluoride leach liquor of the 
beneficiated columbite-tantalite found industrial acceptance sooner. Pure niobium 
pentoxide obtained after the separation step is converted to the metal by either 
carbothermic reduction at high temperatures under vacuum or aluminothermic 
reduction and pyrovacuum refining. Depending on the purity desired, primary niobium 
is subjected to electron beam melt refining/electron beam floating zone refining to 
obtain the final product. 

Now one can see the path niobium ore travels before it becomes metal. It may be 
added here that niobium is a well-behaved member of the rare metal family, and in 
many cases we may have to encounter tougher reactive rare metals. 


3. Indian experience in rare metal extraction 

The Indian experience in rare metal extraction has been founded on a commitment to 
provide means by which the current and emerging demands for special metals and 
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GROUND ORE 



PURE NIOBIUM METAL 


Figure 5. Flow sheet for niobium extraction. 


materials in our country could be met. The emphasis has been on developing techniques 
effective on our indigenous resources. It is needless to say that this development of 
technology being totally indigenous, we encountered several teething troubles with 
respect to some processing steps due to scale up which were successfully overcome by 
persistent efforts. Every effort was made to introduce indigenous equipment which 
posed considerable problems and cost considerable time. Based on the research and 
development work, at barc administered mainly under the metallurgy, chemical 
engineering and chemistry groups, techniques and processes have been successfully 
evolved and developed to levels conducive to setting up of production plants. By way of 
some typical examples, mention may be made of: 

—uranium oxide and metal production, involving ore leaching, ion exchange, solvent 
extraction, calcination, hydrofluorination and chemical reduction, induction melt> 
ing, high temperature sintering and further fabrication; 

—zirconium metal production by allfalt fusion of zircon, solvent extraction, calcination, 
chlorination, magnesium reduction and vacuum distillation, vacuum arc melting, 
extrusion and pilgering; 

—tantalum metal production by hydrofluoric acid dissolution of columbite-tantalite, 
solvent extraction, sodium reduction, powder metallurgy and electron beam 
melting; 

—beryllium metal production by sflicofluoride sintering of beryl, leaching, purifl- 
cation, fluoride decomposition, magnesium reduction, vacuum melting and vacuum 
hot pressing. 

The experience has led to the setting up of the Nuclear Fuel Complex (nfc) at 
Hyderabad which for the past ten years has been engaged in the production of a range 
of nucler and special materials. Ba^ on the parallel investigation on titanium sponge 
production and pilot plant demonstration at nfc, a larger production plant for the 
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metal is under establishment at the Defence Metallurgical Research Laboratory 
(dmrl), Hyderabad. The pilot plant for beryllium, set up at Vashi, New Bombay has 
commenced operation. 

Starting off from this introductory indication of the scope and level of directed R & D 
efforts that have gone into the emergence and rise of India in the rare metals field in the 
world, it is now appropriate to proceed a coverage of the Indian experience in more 
representative detail by looking at each of the unit operations in turn. 


4. Physical beneficiation 

It is a characteristic of all the rare metal resources that they occur as dilute, 
multicomponent complex minerals widely dispersed and distributed in various 
geological formations. Development of beneficiating techniques for these ores has, in 
fact, grown into a technology of lean ore beneficiation. This technology has also aided 
in many instances in the beneficiation of lean and complex common metal resources 
also. 

In table 1 are listed the main rare metals minerals occurring in our country. Besides 
there are at least twice as many secondary minerals for each of these metals. There are 
then the second line reserves to be prospected. The principal beneficiating methods 
which are at our disposal are indicated in figure 6. One or more of these methods in 
combination have been employed for beneficiation. It is instructive to briefly review the 
processes applied to the important resources of many rare metals, beach sands. 


Table 1. Important rare metal resources 


Metal 

Mineral 

Composition 

Location 

Th 

Monazite 

(Ce. Y, Ca, Th) PO 4 

Beach sands of Keralk, Orissa, Andhra 
Pradesh, Tamil Nadu 

Zr 

Zircon 

ZrSi 04 

Beach sands 

Ti 

Ilmenite 

Rutile 

FeTiO, 

TiO, 

Beach sands 

Nb , 

Columbite 

(Fe, Mn) Nb,Oj 

Hazaribagh, Monghyr (Bihar) 


Pyrochlore 

(Na, Ca )2 NbiOfi (OH, F) 

Dharmapuri Dist (TN), Khammam (AP), 
Gujarat, Bhilwada Dist (Rajasthan) 


Samarskite 

(Fe,Y.U),(Nb,Ti.Ta)jO, 

Pegmatites of Hazaribagh, Nellore, Jaipur 
and Tonk Dist of Rajasthan 

Ta 

Tantalite 

(Fe, Mn) (Ta. Nb),©* 

Hazaribagh, Monghyr (Bihar) 


Microlite 

(Ca. Na), Ta,©* (©. ©H, F) 

Hazaribagh, Monghyr (Bihar) 

Be 

Beryl 

(aquamarine, 

emerald, 

heliodro, 

morganite) 

AljBe, (Si*©,*) 

Bihar, Rajasthan, AP, MP., 

U 

Uraninite 


Jaduguda, Singhbhum (Bihar) 


Pitchblende 

Variety of uraninite 

South Kanara (Karnataka) 
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Figure 6. Beneficiation techniques for rare metals resources. 


Table 2. Typical mineral composition of monazite sands 


Constituent 

Percent 

Monazite 

0*5-1 

Ilmenite 

65-80 

Rutile 

S-6 

2rcon 

4-6 

Sillimanite 

2-5 

Garnet 

1-5 


The commonly occurring minerals in beach sand deposits are ilmenite, rutile, zircon, 
monazite, sillimanite and garnet. Table 2 gives the typical mineral composition of the 
beach sands. The beach sand minerals occur extensively but in small concentrations in 
the alluvial deposits. The sand is mined by suction dredging and subjected to 
preconcentration with a view to obtain a bulk gravity concentrate comprising the heavy 
minerals. The lean sand deposit containing 2-5% heavy minerals is subjected to 
concentration using pinched sluices, cone concentrators, spirals and wet tables to 
obtain a concentrate with more than 80 % heavy minerals. The separation of individual 
minerals is carried out by dry methods. Almost all the principal mineral dressing 
methods viz screening, gravity separation, magnetic separation, electrostatic separ¬ 
ation, froth flotation etc are employed in the recovery of economic minerals from beach 
sand deposits. 

Monozite, ilmenite, rutile and zircon are classified as scheduled minerals according to 
the_ Atomic Energy Act of 1962. Indian Rare Earths Limited operates three 
beneficiating plants—two at Manavala Kurichi in Tamil Nadu and one at Chavara, 
Kerala. Another plant is operated by Kerala Minerals and Metals Limited. At present 
the country’s entire need of beach sand minerals is being met by ire and kmm . Extensive 
dense sand deposits along the south Orissa coast over a stretch of 150 km has been 
located by Atomic Minerals Division and unlike the existing dry mill beneficiating 
operations, the Chatrapur operation would include a wet plant also for exploiting the 
Orissa deposit. 
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5. Chemical beneficiation and breakdown processes 

The tenor of the uranium ores—^uraninite, pitch blends, brannerite, uranothorite and 
carnotite—exploited for metal production assays usually around 005-0*2% UaOg. 
These low grade ores are directly leached to extract the uranium values since most of the 
physical beneficiation techniques have not been found economically feasible. There are 
many methods and techniques in leaching. Ore characteristics, material handling 
problems, methods employed for metal recovery from the pregnant solution, tailings 
disposal and many other factors determine the leaching technique. 

Except in the case of high grade uranium ores or ores with a high concentration of 
acid consuming minerals which will necessitate alkali leaching with sodium carbonate, 
acid leaching with sulphuric acid is particularly suited to the dissolution of uranium 
values from the ore. As only hexavalent uranium is soluble in aqueous solution, the 
leaching is performed in the presence of an oxidising agent such as Mn 02 , NaClOg and 
Fe 2 ( 804 ) 3 . Acid concentration and pH are the two important process parameters. In 
the case of ores containing uraninite and pitchblende, such as the one at Jaduguda, acid 
concentration is normally controlled by maintaining pH of 1*5 to 2. This type of 
leaching, under controlled pH conditions helps in preventing the dissolution of acid 
consuming minerals like spatite. It has been found that high concentration of 
phosphate in the solution influences the oxidation potentials and complicates the 
uranium recovery process. 

Besides aqueous leaching, chemical breakdown processes involve digestion with acid 
or alkali solution or more drastic fusion with alkali and alkali fluorides. The major 
breakdown processes commonly employed in our country to solubilize the metal values 
are schematically outlined in figure 7. It is understood that, as broadly presented for 
uranium, several parameters require control for accomplishing successful breakdown 
operation. The beryl ore is opened up to yield water soluble Na 2 BeF 4 by fusing it with 
sodium silicofluoride and sodium carbonate at 700®C. 

Having seen so far the established and commercially operating breakdown processes, 
we can briefly digress to see the direction for new developments. 

GROUND MONAZITE 



zircon intermediates or 

TANTALITE 


Figure 7. Schematics of ore treatment processes prior to solvent extraction separation. 
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A powerful new leaching technique is pressure leaching. Complex minerals like 
ilmenite and pyrochlorc can be transformed into relatively pure oxides in a single step 
by treatment with hydrochloric acid at high temperature and pressure in an autoclave. 
References abound evidencing application of pressure leaching to many other minerals 
including those of uraniunL A new approach to leaching low grade uranium ores is 
provided by the so-called bacterial or microbial leaching. Certain types of autotropic 
bacteria of the thiobacillus-fcrrobacillus group act on the sulphate minerals like pyrite 
and lead to generation of ferric sulphate eind sulphuric acid to leach out uranium. 

Other breakdown methods developed to various levels of advancement include soda 
ash sintering of zircon, electrothermal smelting of ilmenite, beneficiation of ilmenite 
and zircon in plasma furnaces and chlorination breakdown of ores. 


6. Separation processes 

The leach solution obtained by chemical breakdown of the beneficiated ore is passsd 
through some unique sequence of “purification” operations peculiar to rare metal 
extraction. This purification of the pregnant rare metal solution is essentially to 
separate the co-occurring elements from the desired metal before it is put through 
subsequent reduction and refining operations. It must be emphasised that the elements 
co-occurring with the rare metals if allowed to proceed through the reduction step 
normally cannot be removed from the reduced primary metal by any of the common 
post reduction refining. This situation may be thought of as arising due to the great 
reactivity of the rare metals in general. A great deal of effort has gone into the 
development of separation processes for the purification of uranium and thorium to 
nuclear grades of purity, separation of rare earth metals from one another, niobium 
from tantalum and zirconium from hafnium. Of the many alternatives explored and 
studied at Trombay, two major processes have emergwl for effective plant level 
utilization—solvent extraction and ion exchange. 

In solvent extraction, the purification is achieved by selective extraction of 
compounds of a given element or impurities from aqueous solutions into an organic 
solvent which is immiscible with water. This is possible when the distribution 
coefficients of the components in the mixture differ from each other sufficiently. The 
distribution coefficient which is the crucial parameter in solvent extraction depends on 
the properties of the solvent, the concentration of the extracted species in the aqueous 
phase, the presence of other species in the solution, the acidity of the aqueous phase and 
the temperature. The studies conducted at Trombay were directed not only at 
optimising these conditions but also obtaining the engineering details such as selection 
of suitable solvent, collection of equilibrium data, determination of stages, mass 
transfer rates, choice of contacting equipment and scale-up. 

A typical extraction flowsheet is given in figure 8. Starting from its application for 
recovering uranium from ore leach liquors, solvent extraction has grown in diversity 
and some of the important systems are presented in table 3. Solvent extraction is 
practised on a plant scale in our department for the extraction of uranium, thorium, 
plutonium and for the separation of zirconium from hafnium and niobium from 
tantalum starting from a variety of aqueous feed solutions using tbp as the organic 
phase and mixer settlers for contacting equipment. 

Ion exchange has been the specialist separation process for use with very dilute feed 
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FEED AQUEOUS SCRUB SOLUTION STRIPPING 



RAFFINATE SCRUB 

AQUEOUS RAFFINATE 


PRODUCT 

AQUEOUS 


Figure 8. Typical solvent extraction flowsheet 


Table 3. Solvent extraction for separation for purification of rare metals 


Metal 

Organic 

phase 

Aqueous 

solution 

Remarks 

U 

TBP 

Nitrate 

Purification of U to nuclear grade 

Th 

TBP 

Nitrate 

Purification of Th to nuclear grade 

Zr 

TBP 

Nitrate 

Separation from Hf 

Ta 

TBP 

Fluoride 

Separation from Nb 

Lanthanides 

DEHPA 

Chloride 

Separation of individual lanthanides 


solutions. The most spectacular application of ion exchange has been in the recovery of 
uranium from low grade ore leach liquors. It is especially better than solvent extraction 
in such cases. 

Ion exchangers are sparingly soluble solids (organic or inorganic) with active 
functional groups which can be exchanged for ions present in the solution. The 
schematics of the ion exchange operation is given in figure 9. As the affinity of the ion 
exchange resin depends on the charge and size of the ionic species involved in the 
exchange and the distribution coefficient varies with the conditions of the aqueous 
phase like acidity etc, selective separation and purification can be achieved. Ion 
exchange separations are generally slow and operate on much less throughputs 
compared to solvent extraction processes. However as indicated already, for dilute 
solutions, in cases where separation factors are close and in some cases for processing 
unclarified solutions ion exchange is particularly sought after. Some important 
systems processed by ion exchange are given in table 4. 

7. Halide metallurgy 

The separation steps generally give the pure products in the form of either oxides or 
halides. These metal compound intermediates are converted to the metal by various 
reduction processes. Here again, peculiar for rare metals, one encounters a unique 
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Figure 9, Ion exchange—adsorption, elution flow-sheet. 


Table 4. Ion exchange separation for purification of rare naetals 


Metal 

Ion Exchanger 

Aqueous feed 

Remarks 

U 

Deacidite FF(530) 

Sulphate 

Uranium separated from elements 
co-occurring in the ore 

Zr 

Cation exchanger ZK-225 

Nitrate 

Zr is separated from Hf 

Ta 

Anion exchanger EDE-lOP 

Fluoride 

Ta is separated from Nb 

Rare 

earths 

Cation exchanger 

Dowex 50, ZK 225 

Chloride 

Rare earth metals are separated from 
each other 


system of metal production. The intermediate which is reduced to obtain the metal is 
invariably a halide. The involvement of halides in rare metals extraction is certainly not 
restricted to the reduction step. Its omnipresent close involvement at many other stages 
of metal extraction also shall be looked into in what follows. 

Halogens and halides find application in almost all stages of rare metal extraction 
from ore beneficiation to metal purification as given in figure 10. The diversity of halide 
metallurgy can be gauged from the following examples, (i) Ore breakdown: chlori¬ 
nation of zircon, ilmenite, rutile, silicofluoride treatment of beryl, zircon; (ii) 
Halogenation of crude intermediate: chlorination of zirconium carbide; (iii) 
Halogenation of pure intermediate: chlorination of zirconium dioxide, titanium 
dioxide; hydrofluorination of uranium dioxide; (iv) Reduction of metal halides; sodium 
reduction of K 2 TaF 7 , calcium reduction of UF 4 magnesium reduction of TiC^, ZrCU, 
BeF 2 , electrolysis of RE chlorides; (v) Reclamation of scrap: by chlorination and fused 
salt electrorefining; (vi) Ultrapurification of commercial grade metal; iodide process for 
crystal bar titanium, zirconium and hafnium. 

Starting with the gas-solid reactions, to carry out the entire range of processes as 
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Figure 10. Halogcnation in rare metal extraction. 


indicated above, a large variety of reactors have been developed and process optimised 
at Trombay and later transferred to the industrial units of the Department. 

The high temperature of these reactions and the corrosive nature of the halogen and 
the halide vapours, restrict the choice of the material of construction and the type of 
equipment for large scale operation. While nickel is compatible with fluorine and 
fluoride vapours upto 800°C, nickel and inconel alloys can withstand chlorine upto 
600°C. In the production of ZrC^ or TiCl^ that involves temperatures of 700-900®C, 
one has to use quartz or silica in the reaction zone. 

Further, a halogenation plant will also include provision for safe metering of the 
corrosive halogens and the safe disposal of the unreacted halogens by neutralising with 
alkali or otherwise, due to high toxicity. 

At Trombay, a rotating magnesium-tube lined reactor is employed for the 
production of UF 4 by the hydrofluorination of UO 2 powder. A special constructional 
feature of the reactor is that it has two concentric tubes with the annular space filled 
with an inert seal gas. The inside tube is made of magnesium to withstand the corrosive 
action of hydrofluoric acid, while steel is chosen for the outer tube for ease of 
fabrication and strength. The leak tightness of the seals between the rotating tube and 
the stationary end parts of the furnace is obtained by adopting the principle of positive 
gas pressure seal between teflon inner sealing rings and outer rubber sealing rings. The 
reactor is held in a slightly inclined position to facilitate smooth flow of UO 2 powder 
fed through a screw conveyor. 

As a further example, one can look^t the chlorinator used for the production of 
zirconium and titanium chloride. 

The feed for static bed chlorinators consists of a mixture of oxide and carbon 
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preformed into briquettes. The green briquettes are dried and coked at 800°C in inert 
nitrogen atmosphere to obtain highly porous briquettes for efficient chlorination. The 
large scale chlorination is carried out in a high purity silica brick lined furnace. The 
briquettes are heated by impressing three phase voltage across three graphite electrodes 
embedded in the charge. The carbonised briquettes possess sufficient electrical 
conductivity which improves with temperature, and with appropriate voltage and 
current control, the charge is slowly heated to the reaction temperature of 700~900°C. 
ZrCU vapours evolving from the chlorinator furnace are condensed in a double walled 
inconel condenser at 150-200°C as dense crystals suitable for metal production. 
Blocking is a common problem in chlorinators. Hence pressure monitoring gauges, 
pressure release discs, and clearance ports have to be provided at critical locations. 

Most of the chlorination reactions are exothermic in nature and require close control 
of temperature which is better achieved in fluidised bed reactors. These reactors also 
offer advantages like excellent gas-solid contact, good heat transfer, relatively 
inexpensive reactors and easier start-up and shutdown operations. Systems for the 
multistage fluidised bed hydrofluorination of UO 2 and the fluidised bed chlorination of 
zircaloy scrap in an inert bed have been developed at this Department. 

The volatility of halides, the facility for purifying these by distillation and possibility 
of reducing these halides with metals like magnesium, sodium, and calcium have 
provided a powerful means for the production of reactive metals. 


8. Metal reduction processes 

The reduction of rare metal starts either from a halide or an oxide and follows the route 
as given in figures 11 and 12. 

A majority of the rare metals have been produced by reducing their halides. The 
reason may either be that it is not possible to reduce the oxide directly at all {e.g. Ti, U, 
Be) or that it is more convenient to reduce the halide {e.g. Zr, Hf, Ta, Th). 


9. Reduction of halides 

The reduction of halides is accomplished by using the metals, sodium, magnesium or 
calcium as the reducing agent. Depending upon the physical properties of the reactants 



Figure 11. Reduction of rare metals—halide route. 
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Figure 12. Reduction of rare metals—oxide route. 

and products and the heat of reaction, the product metal is recovered as an ingot (U, 
Th), sponge (Zr, Ti) or powder (Ta). The reduction processes developed for U, Th, Zr, 
Ti, Ta and Be in fact provide fine examples of process metallurgy of fluorides and 
chlorides realised on an industrial scale for the production purposes. The exothermic 
metal reduction processes fall under two major categories—adiabatic (thermit type) 
and isothermal (Kroll type). Calciothermic reduction of uranium tetrafluoride is a ^e 
example of the thermit type reaction. The uranium metal plant at Trombay has been 
producing consistently and efficiently uranium metal by the calciothermic reduction 
route. 

In the Trombay practice, high purity UF^ powder is intimately mixed with calcium 
granules and the mixture is charged into a leak tight tapered S.S. bomb reactor, which is 
initially lined with dry CaF 2 powder by vibratory packing. The Q 1 F 2 lining serves for 
heat insulation and containment of the molten uranium. The calciothermic reduction is 
triggered—in an argon atmosphere—^by electrically igniting a magnesium ribbon 
embedded at the top of the charge. The reaction is instantaneous, spreads rapidly 
through the mass, and the resulting liquid uranium droplets coalesce and collect at the 
bottom, forming a massive solid ingot on cooling. 

A reduction route employing indigenous magnesiiun in place of imported calcium 
has been developed on a pilot plant scale is due to be adopts in the plant’s expansion. 

The calciothermic route described for uranium is applicable to ffie production of 
thorium and plutonium metals also. 

The production of metals by the isothermal Kroll type reduction is exemplified by 
the magnesium reduction of zirconium tetrachloride. The process that has been tested 
on pilot plant scale at Trombay and adopted for tonnage production at the Nuclear 
Fuel Complex, Hyderabad is described below. 

The reactor employs a specially designed S.S. retort and a three-zone furnace system 
for carrying out the reduction reaction. Zirconium tetrachloride and clean magnesium 
pigs are loaded in separate containers in the retort. After in situ purification of the 
chloride by pumping out the voltalite impurities at 300®C, the magnesium temperature 
is raised to above its melting point (to 850°Q and the chloride distilled in a controlled 
manner to react at the surface of molten magnesium. At the end of the reduction the 
excess magnesium and MgCl 2 are separated from the resulting zirconium sponge by 
pyrovacuum distillation in another heavy-walled retort capable of evacuation down to 
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< 1 micron at 900°C, the inconel retort is heated to 900^C using an evacuated bell-type 
furnace. 

Similar reduction and pyrovacuum distillation equipment are suitable for produc¬ 
tion of titanium, thorium and hafnium metals. 

For the production of tantalum powder from K 2 TaF 7 , a liquid-liquid reactor 
technique was developed at Trombay, Filtered high purity liquid sodium is contin¬ 
uously metered under argon cover on to the stirred mass of molten K 2 TaF 7 and NaCl 
kept at 800-900°C in an inconel alloy 600 reactor. The tantalum metal powder is 
recovered from the reduced mass after leaching out the by-product fluorides with a 
series of aqueous reagents. This effort has extended to setting up of a production plant 
at NFC. 

Calcium metal is unsuitable for the r^uction of beryllium fluoride due to the 
formation of highly stable CaBei 3 . Beryllium metal is produced in the form of pebbles 
by the magnesium reduction of BeF 2 in a graphite crucible in an induction furnace at 
1100-1400°C. The metal pebbles owing to their lightness float to the surface of the slag. 
The beryllium pilot plant at Vashi, New Bombay is designed for the production of the 
metal and its alloys to meet indigenous requirement. 


10. Reduction of oxides 

The area of oxide reduction processes has been extensively investigated for producing a 
number of rare metals. The oxides are characterised by their good stability, they are 
easily prepared and are often the economically attractive intermediates in metal 
production processes. As specific examples of the advances at Trombay, reference may 
be made of fairly large scale production processes operated for preparation of 
zirconium, hafnium and thorium metal powders through calciothermic reduction of 
their respective oxides. Another notable advance has been in the aluminothermic 
reduction technology applied with great ingenuity in the preparation of niobium, 
tantalum, vanadium and molybdenum. 

A metallothermic reduction process that does not generate excess heat and thereby 
avoids the growth or sintering of reduced metal particles is highly conductive to metal 
powder preparation. Calcium reduction of zirconium dioxide at 900°C generates only 
around 43 kcals per g mole of oxide. Further, the reduction is carried out in the presence 
of a heat sink like CaCl 2 , very fine metal powder (predominantly 3 micron size) results 
dispersed in a matrix of CaO and CaCl 2 - The metal powder is recovered from the 
reduced mass by careful aqueous leaching and drying. This technique has led to the 
establishment of a production facility for 1 ton Zi powder per annum at nfc. 

Calciothermic reduction has also been investigated in detail for the preparation of 
hafnium, thorium, niobium and tantalum metal powders from their oxides. The process 
essentially consists of mixing the charge of calcium metal granules, metal oxide and 
calcium chloride heat sink in proper proportions and soaking it at the reduction 
temperature (950-1000“C) in flowing argon atmosphere, for sufficient time; the reduced 
mass is subsequently leached with dilute acids. 

Unlike the static bed reduction described above, in a bomb process, highly exothermic 
reactions are conducted to prepare high melting metals in their consolidated form. To 
achieve this objective in reactions releasing inadequate heat, there are various means. 
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These include: (i) preheating to ignition, (ii) additives acting as thermal boosters, and 
(Hi) combination of both. 

The best reductant for the purposes just outlined is aluminium. The alunaJnothermic 
reduction may be described as combustion of aluminium to its oxide—^the oxygen 
being released from the metal oxide. The reactions are carried out in an open vessel 
lined with refractory. The reactants at room temperature are mixed and charged and the 
charge is primed locally by means of an electric fuse embedded in the charge. In 
preheating to ignition, the entire charge is set to fire and the reaction is under near 
adiabatic conditions. The aluminothermic reduction, essentially a non-fumace process, 
proceeds rapidly to completion, but several hours of cooling is allowed before the 
contents are taken out. The metal if showing some slag adherence is cleaned by manual 
chipping. 

A flowsheet, based on the aluminothermic reduction, for the production of niobium 
metal has been chosen for setting up of a plant at nfc. 

Carbothennic reduction to produce refractory metals has become a reality only with 
the advancement in the regime of vacuum technology. The reactions are performed in a 
high temperature-high vacuum induction furnace where the pelletised oxide-carbon or 
carbide-oxide charge is reacted in the solid state to yield carbide or metal. A precise 
control of charge composition and the reaction conditions is very essential for 
obtaining pure metals having low residual carbon and oxygen contents. Adopting this 
process, complete flowsheets have been developed at the Metallurgy Division, barc for 
the production of reactor grade niobium and capacitor grade tantalum metals. 


11. Electrolytic reduction 

For electrowinning of the reactive metals, only fused salt systems operating in an inert 
atmosphere have been found suitable. 

Molten salt electrowinning processes for the preparation of refractory metals, 
particularly tantalum and titanium and rare earths like misch metal and cesium have 
been extensively investigated at Trombay. The metal compound (chloride, fluoride or 
oxide) is dissolved in a low melting eutectic salt mixture composed of two or more alkali 
or alkaline earth: chlorides or fluorides. During electrolysis, the high melting rare metals 
are obtained as adherent dendrite deposits on the cathode (which is kept suspended in 
the fused salt) or alternatively if the adherence characteristics are poor, the metal is 
generated in the form of powder, in which case the cell itself is used as the cathode (and 
the anode is kept suspended). 

Tantalum and titanium have been electrodeposited in the dendritic and sponge form 
by electrolysing KCl-NaCl melt containing respectively potassium tantalum fluoride 
and titanium chloride as functional salt. While for tantalum a centrally suspended 
metallic rod has been used as cathode, for titanium a perforated metallic basket served 
as the cathode. Such electrode arrangement for multivalent titanium has been found 
essential to separate the catholyte and anolyte. 

In the pilot plant work on electrowinning of titanium, a 1000 amp internally heated 
inert atmosphere electrolytic cell has been used to standardise the parameters. The 
metals belonging to the rare earth group have been electrodeposited from all-chloride 
electrolytes. 
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12. Consolidation and purification of rare metals 

The primary sponge metals and metal powders are required to be consolidated by 
melting or sintering prior to conversion to mill products. In some cases the melting or 
sintering operation refines the metal to an extent. 

The tolerable limits of impurities in rare metals are quite low. All the properties 
which make these metals unique in comparison with other common met^s are 
drastically impaired even by low levels of metallic and interstitial impurities. Therefore, 
great care and special techniques are employed in the refining operation as summarised 
in figure 13. 

Most of the purification methods for rare metals involve high temperature and 
vacuum. The purification methods available for the rare metals include (i) vacuum 
melting, (ii) iodide refining, (iii) zone melting, and (iv) molten salt electrorefining. 

Except the metals uranium and beryllium which are consolidated and to some extent 
refined by vacuum induction melting and casting, majority of the rare metals are 
consolidated and refined by arc and electron beam melting procedures. In both these 
methods, crucible contamination is eliminated by carrying out the meltings in 
watercooled copper crucibles. 

In vacuum arc melting, the heat is generated on the surface of the molten metal by the 
application of a low voltage high current electric arc from an electrode which may be 
either consumable or nonconsumable. While nonconsumable method is suitable for 
consolidation of metals, no appreciable purification is achievable on account of the low 
vacuum involved. On the other hand, in the consumable arc melting, the material to be 
melted is preformed into an electrode which is progressively consumed during melting. 
The process has the advantage of operating under higher vacuum (10"^ to 10“^ torr) 
without contamination from electrode material and finds widespread use in the 
consolidation of rare metals. Facilities available at Trombay allow melting of 4 to 6 in. 
dia ingots of zirconium and titanium and at nfc metal ingots upto 12 in. dia can be cast. 

Electron beam melting furnaces operate in high vacuum and provide high degree of 
super heat in the melt region and-thus enable much greater refining than that possible 
with arc furnaces. In electron beam melting, the specimen is heated by subjecting it to 



Figure 13. Techniques for consolidation and refining of rare metals. 
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bombardment by a beam of high energy electrons under a vacuum better than 10"“^ 
torr. Electron beam melting has, in fact, played a prominent role in its application to 
consolidation and purification of primary metals with widely different production 
history, and to preparation of metals with their finished purities meeting specific 
application requirements. Electron beam melting is effective and extensively used 
particularly in the production flowsheets of niobium and tantalum metals. 

The reactions and processes that take place during vacuum melting and result in 
purification include (i) distillation of volatile impurities, (ii) vaporization of suboxides, 
(iii) carbon deoxidation, and (iv) vacuum degassing. 

While vacuum melting is very effective in the purification of refr£u:tory metals it is not 
so with reactive rare metals like titanium, zirconium and hafnium. The so-called iodide 
refining has been found to be very effective in the refining of these metals. 

Iodide refining, also known as the Van Arkel de Boer process, is based on the 
reversibility of a reaction between a metal and iodine. Purification of zirconium by this 
process has been studied extensively in the Metallurgy Division, barc. The process is 
carried out in an evacuated inconel 600 vessel along the axis of which a high purity 
zirconium wire is aligned and electrically heated to 1300°C. The crude zirconium 
sponge is stacked inside the vessel in the annular space between the vessel wall and a 
concentric screen. Iodine required for the process is subUmed into the evacuated vessel. 
The vessel is externally heated to 250-400°C to form volatile Zrl 4 by reaction between 
zirconium sponge and iodine. The iodide vapours decompose on the surface of the high 
temperature zirconium filament resulting in a deposit of pure metal on it. The iodine 
vapours simultaneously liberated travel back for further reaction with the crude 
sponge. 

A decomposition assembly developed at Metallurgy Division, barc has been growing 
kilogram quantities of high purity crystal bars of zirconium, titanium and hafnium 

Zone melting is essentially a purification process by repeated crystallization from the 
melt. In practice two liquid-solid interfaces are produced for distribution of impurities 
by causing a relatively small molten zone to transverse the length of the bar of the 
charge. Many repetitions of the process lead to considerable purification even in cases 
where the distribution coeflScient is close to unity. The impurities more soluble in the 
solid concentrate in the starting end. 

It has been possible to produce kg quantities of metals such as Bi, Sb, Sn and Cd in 
their ultra-pure form for use in the semiconductor industry with zone refiners designed 
and fabricated at Trombay. A larger semi-automatic zone refiner is turning out 
ultrapure materials at nfc. 

Zone refining in vacuum combines the benefits of conventional zone refining in a 
protective atmosphere, vacuum degassing and selective distribution of impurities. For 
refining of refractory, metals an electron beam floating zone melting unit has been 
fabricated and used at the Metallurgy Division. 

Electrorefining, next to electrowinning of metals is the most important aspect of 
fused salt electrolysis. While in electrowinning graphite has been found to be the most 
popular and inexpensive anode material, electrorefining cells essentially employ impure 
metal as the anode. The metal is crushed to suitable size and spread over the crucible 
bottom or packed in the annular space between the crucible and a perforated graphite 
screen to expose a large anode area. Molybdenum is the best reported cathode material 
in electrorefining. Iron has been used for vanadium electrorefining. 

Molten salt electrorefining technique has been perfected for the preparation of high 
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purity metals like niobium, tantalum, vanadium, molybdenum and chromium from 
their aluminothermically reduced alloy form. More recently electrorefining technique 
has been proved to be an effective mode for purification of calcium reduced hafnium. It 
has been possible to apply electrorefining for metal values of zircaloy scrap, and off- 
grade titanium sponge. Such purification technique has been found suitable not only 
for clean scrap but also for scraps contaminated with other metals and alloys which 
cannot be directly re-used in conventional remelting. Thus of all the refining methods 
applicable to rare metals, electrorefining stands out to be the most powerful technique 
with a wide range of refining capabilities. 


13. Thermodynamics in rare metals extraction 

In the development of process metallurgy of rare metals, the role of basic research 
particularly thermodynamic investigations has been very significant. Thermodynamic 
data have come to the rescue in many situations either during the choice of process 
parameters or in explaining many of the system behaviours. Though the involvement of 
thermodynamic analysis is very extensive and pervades almost all stages of rare metals 
reduction, refining and service, investigations concerning the vapour pressure and 
vaporization behaviours at elevated temperatures; solid solubility and phase diagram 
data have particularly been the main thrust areas for data collection and utilization. 
Investigations on metal-crucible interaction behaviours and decomposition processes 
can be cited for some of the direct application areas for thermodynamic data. 

At the Extractive Metallurgy Section, several actual processes have been developed 
based solely on the available thermodynamic data of the system concerned. While it is 
impossible to carbothermically reduce zirconium and hafnium oxides, the important 
master alloys zirconium-niobium and hafnium-tantalum have been obtained by a 
carbothermic reduction process consisting of reduction of niobium pentoxide with 
zirconium carbide or tantalum pentoxide with hafnium carbide respectively. This 
scheme of reduction was worked out from the theoretical considerations of the 
thermodynamic stabilities of carbides and oxides and the stabilities and vaporization 
behaviours of the suboxides of zirconium, hafnium, niobium and tantalum. Another 
example of major flow sheet development that was visualised from the thermodynamic 
properties of the concerned compounds, is found in a recently concluded investigation 
on the preparation of pure niobium and tantalum through their nitride intermediates. 
The comparative stability of niobium and tantalum nitrides with respect to the niobium 
and tantalum carbides at moderate temperatures and the complete instability of these 
nitrides (in contrast to the persistent stability of the carbides) at higher temperatures 
and vacuum conditions has made it possible to obtain the pure metals starting from the 
oxides by a single sequential step consisting of (i) carbothermic reduction of niobium or 
tantalum pentoxide under a nitrogen atmosphere at 1500-1600°C to obtain the 
corresponding nitride and (ii) pyrovacuum decomposition of the nitride, at 
2000-2100°C under 10“"^ torr, to pure metal. 

In addition to the above mentioned types of applications, thermodynamic analyses 
have extensively been employed in various pyrovacuum refining operations, leading to 
successful process operation, improved yield, reduction in number of processing steps 
and similar improvements. 
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14. Evaluation of rare metals 

The development of flow sheets for the extraction of high pure rare metals has 
depended to a great extent on the parallel development and availability of powerful 
analytical techniques which enabled the evaluation of products at various stages. 
Special efforts are required particularly when the impurity concentrations are 
vanishingly low. The important analysis techniques applied in the rare metals 
evaluation are diagramatically presented in figure 14. 


IS. Concluding remarks 

In the evolution and developments of flowsheets for rare metal extraction, the R&D 
effort has had many facets as summarised in figure 15. 

As compared with the historical development of the process metallurgy of common 
metals, there has been a much more systematic and scientific approach to the chemical 
metallurgy of rare metals. This has been possible through many advances in analytical 
chemistry, physical chemistry, instrument and equipment development, physical and 
chemical engineering which have provided new technologies, and also through entirely 
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novel metallurgical engineering designs. Our basic understanding of chemical and 
metallurgical systems, phenomena and reactions has also vastly improved through 
progress in theory and experiment in rare metals extraction. 

Although process metallurgy of rare metals has grown into a powerful, mature and 
composite discipline, a good deal of scope for further R&D efforts still remains. 
Specifically one can mention fertile areas like pyrochemical counter current fused salt 
reactors for achieving separation of zirconium from hafnium, adoption of fluidised bed 
reactor for gas solid reactions, employment of plasma processing techniques for 
mineral beneficiation and refractory metal reduction—all of which deserve detailed 
study. 

An interesting aspect of development of processes for rare metals extraction has been 
that many of these new techniques have important relevance to the common metals 
processing also. Special mention may be made of the prospects of solvent extraction 
processes in the cppper and nickel industries and ion exchange in certain by-product 
metal recovery processes from effluent solutions, chlorination processing of complex 
sulphide ores, and vacuum melt refining. 

Growth, development and maturity in operating practice have marked the evolution 
of various process options taken for investigations at barc. Whenever possible and 
desirable, the process development was pursued through the various stages and led to 
its logical conclusion—setting up of operating production facilities. An important 
aspect that has marked this style of evolution is that the person or persons who have 
conceived, tested and developed the idea and the process have also been given the 
opportunity of setting up the plant and running it. This has made further growth and 
expansion of the plant feasible and easier. In certain cases, the nature of the project is 
more suited for effecting a transfer of technology to organizations outside the 
department. In this context, it is well worth noting that the technology of aluminother- 
mic reduction of ferroalloys viz., ferrovanadium, ferroniobium, ferromolybdenum and 
fenotungsten—so well mastered at the Extractive Metallurgy Section has been 
transferred to industries in Madhya Pradesh. In another instance, based on the 
flowsheet and technology developed at the Extractive Metallurgy Section, a demonstra¬ 
tion plant for the processing of casseterite concentrates is being set up at Raipur by 
Metallurgy Division jointly with the Madhya Pradesh State Mining Corporation. One 
would appreciate that such instances are tantamount to bringing the advanced research 
facilities and expertise within the reach of a wider section of industries and to the 
greater service for our country’s mainstream industrial activity. 

The foresight and imagination in the organisation, of the successive stages of the 
programme, has paid good dividends; strong and comprehensive base that we now have 
in rare metals processing industry should inspire confidence for further growth and 
diversification of this technology in our country. 
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Plutonium metallurgy iu India 

P R ROY and C GANGULY 

Radiometallurgy Division, Bhabha Atomic Research Centre, Bombay 400085, India 

Abstract. The embryo of plutonium metallurgy in India, as well as in Asia, was formed 
nearly 25 years back in Trombay. Thereafter, in the intervening 25 years, significant amount of 
research and development work have been carried out at barc on this man-made fissile element 
and indigenisation has been achieved in the fabricatibn, characterisation and property 
evaluation of plutonium metal, delta-stabilised alloys, Al-Pu fuels, Pu-Be neutron sources, 
(UPu)02 fuels for thermal and fast reactors and (UPu)C and (lJPu)N advanced fuels for liquid 
metal-cooled fast breeder reactors (lmfbr). 

This paper summarises the development of plutonium metallurgy in India highlighting the 
safety aspects, our achievements and potential of plutonium for generation of nuclear 
electricity in the coming decades. 

Keywords. Plutonium; fissile; delta-stabilised alloys; Al-Pu fuels; Pu-Be neutron sources; 
Mixed oxide and carbide fuels; fast breeder-test reactor; liquid metal-cooled fast breeder 
reactors; nuclear electricity. 


1. Introduction 

The metallurgy of plutonium, the man-made unique and most unusual metal, was 
introduced in India in 1960 when a team consisting of a chemist, a chemical engineer 
and a metallurgist successfully isolated mg quantities of plutonium metal beads in the 
Trombay laboratory by calciothermic reduction of plutonium tetrafluoride. 
Thereafter, in the intervening 25 years, there has been an enormous scale-up of 
production and extensive investigation of plutonium metal, its alloys and compounds. 
A sophisticated plutonium metallurgy laboratory for safe and secured fabrication and 
characterisation of plutonium fuels has come up in Trombay and today we are on the 
threshold of intensive utilisation of plutonium for generation of nuclear electricity and 
breeding of fissile materials simultaneously. 

Plutonium does not occur in nature but is synthetically formed by the' transmutation 
of the naturally occurring Soon after its discovery by Seaborg, Wahl and Kennedy 
in February 1941, in the Berkeley laboratory in USA, plutonium served as a major 
ingredient of the Manhattan nuclear weapon project during the second world war 
(Seaborg 1958). However, today it is most significant because of its peaceful potential as 
a nuclear reactor fuel offering energy thousand times greater than all available fossil 
fuels. 

From the very inception of nuclear energy programme in India in the mid 1950s, the 
tremendous potential of plutonium for unlocking the huge energy reserves of our 
limited uranium (Rao 1982) (-- 60000 tons) and abundant thorium (320000 tons) 
resources was recognised. Accordingly, laboratory separation and analytical pro¬ 
cedures for plutonium started in Trombay in 1958 and by 1964 our spent uranium fuel 
reprocessing plant for recovery of plutonium was commissioned, for the first time in 
Asia. 
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The present dissertation summarises the milestones of plutonium metallurgy in 
India, highlighting our achievements in development and fabrication of plutonium 
metal and plutonium bearing metallic and ceramic fuels and our future programme for 
utilisation of plutonium for generation of nuclear electricity. 


2. Formation and separation 

As is known, uranium occurring in nature contains mainly two isotopes, viz. 

(99-3 %) and (07 %). The present generation of nuclear reactors derive energy 
from the fission of by slow or thermal neutrons and use natural uranium or 2 to 
4 ^ 235^ enriched uranium in the form of metal or oxide as fuels. The fission reaction is 
as follows: 

^i|U + on -+ ^9*11 -♦ fission fragments + 2 to 3 Jn + 200 MeV. 

One of these released fission neutrons is needed for maintaining the chain reaction 
and out of the remaining neutrons some are captured by the fertile to form 
which undergoes two successive beta decays, as shown below, leading to the formation 
of ^^®Pu, which is an excellent fissile material 

z3'3 m 2*3 d 

Thus, the nuclear reactors, apart from generating power also produce fissile ^^’Pu as a 
byproduct, through neutron capture by the fertile ^^®U. Other prominent isotopes of 
plutonium namely ^^°Pu, ^*‘Pu and *^^Pu are formed from ^®®Pu by successive 
neutron captures. The isotopic content of plutonium in a thermal reactor and the 
formation of plutonium radionuclides and daughters depend on such factors as 
discharge bum-up of the fuels, neutron fiux and energy spectrum, fuel enrichment, 
moderator to fuel yolume ratio, fuel diameter, cladding materials etc., and are shown in 
figures 1 and 2 respectively. Typical isotopic composition of plutonium*®’ from the 
spent fuel elements of the 40 MW (th) emus test reactor in Trombay, the 200 MW(e) 
boiling water reactors (bwr) at the Tarapur Atomic Power Station (taps) and the 
pressurised heavy water reactors (phwr) at the Rajasthan Atomic Power Station (raps) 
are given in table 1. 

The irradiated or the spent uranium fuel elements are a mixture of depleted uranium 
(238u ^ 0-7 % ^3*U), highly radioactive fission fragments.and plutonium. The major 


Figure 1. Plutonium isotopic composition as 
a function of exposure to thermal neutrons. 


0 0.5 1.0 



YEARS 



Plutonium metallurgy 


925 



Table 1. Isotopic composition of plutonium from different reactors. 


Reactor 

Bum-up 

(MWD/ton) 

’“Pu 

(w/0) 

239pu 

(w/o) 

“®Pu 

(w/o) 

241pu 

(w/o) 

242p„ 

(w/o) 

BWR 

6100 

0-125 

82-7 

13-94 

2-89 

0-339 

(taps) 

9500 

0-203 

73-54 

20-31 

4-81 

1-080 


13750 

0-393 

65-77 

25.17 

6-45 

2-21 


29000 

0-500 

53-40 

29-60 

10-48 

6-01 

PHWR 

2960 

0-02 

82.52 

15-01 

2-2 

0-22 

(raps) 

5700 

0-05 

67-7 

26-0 

4-8 

1-2 


6200 

0-06 

66-07 

26-87 

5-52 

1-48 

ORUS 

1000 

0-01 

93-32 

6-27 

0-38 

0-02 


(Trombay) 


process steps (Roy 1978) in the separation of plutonium from spent fuels are shown in 
figure 3. After appropriate cooling for the shortlived radioactivity to die down, the 
spent fuel elements are transferred to a reprocessing plant where the fuel is first 
mechanically or chemically dejacketed from the cladding material. Next, the fuel is 
dissolved in nitric acid and the solution is subjected to solvent extraction for removal of 
fission products in the first stage and uranium in the second stage. The separated 
plutonium is further purified by ion-exchange process and obtained as plutonium 
nitrate. 
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the technique of safe handling of plutonium, either as fine powders or as bulk material, 
before any significant development of its metallurgy. 

The decay characteristics of plutonium isotopes and their daughters are given in 
table 2 (Janardhanan et al 1973). ^^®Pu, the major constituent, and other isotopes of 
plutonium except Pu are predominantly powerful emitters of alpha radiation. Alpha 
particles emitted by plutonium isotopes do not constitute an external hazard because of 
its short range in air and body tissue (for ^^®Pu alphas the range in air and body tissues 


Table 2. Radioactive decay characteristics of plutonium isotopes and daughters. 


Isotope 

Radiation 

Yield % 

Energy 

(ivleV) 

Half-life 

Speciiic 

activity 

(Ci/g) 

Pu-238 

Alpha 

100 

5-49 

86*4 yr 

17-4 


Gamma 

10-’ 

0-15 




Gamma 

8x10-’ 

0*10 




Gamma 

3-8x10-’ 

0044 




L-X-ray 

13 

0-017 



Pu-239 

Alpha 

100 

5-14 




Gamma 

2x10-’ 

0038 




Gamma 

7x10-’ 

0052 

2-436 X 10* yr 

0-052 


Gamma 

2x10-’ 

012-020 




Gamma 

3x10-’ 

038 




L-X-rays 

1-4 

00136 





2-2 

0-0174 





0-2 

00205 



Pu-240 

Alpha 

76 

5-162 




Alpha 

24 

5-118 

6-58 X 10’ yr 

023 


Gamma 

10-"* 

0044 




L-X-rays 

10 

0017 




K-X-rays 

40 

0102-0125 



■pu-241 

Alpha 

X 

!--■ 

o 

1 

u 

4-9 

13-0 yr 

111-5 


Beta 

99-997 

0.02 




Gamma 

2x10-* 

0145 




Gamma 

10-3 

OlO 



Pu-242 

Alpha 

76 

4-89 

3-79 X 10= yr 

0004 


Alpha 

24 

4-86 




Gamma 

10-3 

0045 




L-X-rays 

10 

0017 



U-237 

Beta 

100 

0245 

6-75 day 

6-74 X 10--^ 


Gamma 

61 

0059 




Gamma 

35 

0207 




Gamma 

4 

0334 



Am-241 

Alpha 

84 

5.48 




Alpha 

13-6 

5.43 

458 yr 

3-13 


Gamma 

37 

0-017 




Gamma 

2-7 

0026 




Gamma 

0-05 

0043 




Gamma 

37 

0059 




Gamma 

0-02 

0099 
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set up in the Radiometallurgy Division at Trombay for safe handling of plutonium 
(Ghosh et al 1973). Inert atmosphere glove boxes are used for handling plutonium 
metal, carbide and nitrides which are highly susceptible to oxidation and hydrolysis and 
are pyrophoric in powder form. 

The external hazard of plutonium is mainly from gamma and neutron radiations 
emitted by higher isotopes of plutonium which are present in significant amounts in 
high bumup plutonium. The surface dose rate of plutonium since its purification 
increases with time because of build up of ^^^Am and which are the daughter 
products of the beta emitting Pu. Appreciable neutron dose rates are also associated 
with plutonium mainly from the spontaneous fission neutrons emitted by the even- 
numbered plutonium isotopes, e.g. ^^®Pu, ^^°Pu etc., and to some extent due to (a, n) 
reactions from plutonium in contact with light elements. 

In order to keep the radiation exposure of operators below the permissible limits 
specified by the International Commission of Radiation Protection (icrp) the following 
guidelines are usually followed: 

(a) restrictions are imposed on the mass of plutonium that is handled at a time, to 
minimise mainly the neutron dose; 

(b) great emphasis is given towards automation and remotisation during handling of 
plutonium; 

(c) close containment of plutonium bearing powder and dust such that radioactive 
dust does not build up on equipment and glove box surfaces; 

(d) use of external or localised composite lead glass and Incite shield for gamma and 
neutron radiation and the use of lead-loaded neoprene gauntlets, particularly while 
handling high burn-up plutonium. 

Unlike other metallurgical industries, in a plutonium facility a maximum of a few kg 


Table 4. Critical masses of some plutonium compounds. 


Compound 

Density (g/cc) 

Critical mass (kg) 

Bare Water reflected 

Pu-solution 

— 

— 

051 

Pu 



5-6 a phase 




7-6 S phase 

PuOa 

11'46 

24-5 

12-2 

PuN 

14-25 

18-4 

9-23 

PuC 

NO 

17-93 

9-07 

PuHj 

104 

15-64 

7-49 

PuHj 

9-61 

12-69 

6-32 

PU2C3 

12-7 

19-72 

9-96 

PU2O3 

11-47 

24-95 

12-05 

PUCI3 

5-7 

167-05 

61-59 

PuFa 

9-32 

32-59 

16-0 

P 11 F 4 

7-0 

56-29 

25-29 


4-5 

152-0 

66-87 

Pu(N 03)4 

6-2 

103-96 

54-94 
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Neurron energy (MeV) 

Figure 5. Fast fission cross>section (barns) of Pu isotopes 


fission energy release and lower xenon poisoning. Further, is fissile in both 

thermal and fast neuton range and and ^**Pu, though parasitic, neutron 

absorber for thermal neutrons, contribute significantly to fast fission. The fission cross- 
section of important plutonium isotopes in the fast neutron range is shown in figure 5 
(Wick 1980). 

From reactor physics consideration it may, therefore, be stunmaiised that plutonium 
is the best fuel for fast reactors but is slightly inferior to and in the thermal 
neutron range. 


5. Plutonium metal 

5.1 Preparation 

While starting plutonium metallurgical work at Trombay, we had already selected 
uranium metal as the fuel for our cirus Research reactor. It was, therefore, logical for us 
to first direct all the efforts towards manufacture of high purity nuclear grade 
plutonium metal. 

Much of the metallurgical knowledge for preparation of plutonium metal was 
acquired during the Manhattan Project in the 1940s. The free energy diagrams of oxide 
and fluoride of plutonium (CofBnberry and Miner 1961) and other metals are shown in 
figure 6 and table 6 gives the various thermodynamic data of the reduction reaction 
(StoUer and Richards 1961). Reduction of plutonium halides, in particular, fluoride and 
chloride remains the only method by which virtually all the metd is produced till today. 

The need to obtain plutonium in massive form with a high yield dictates the choice of 
a reducing reaction. The reduction reaction should be accompanied by evolution of 
large quantity of heat which should not only melt the reaction products but also keep 
them molten long enough for good slag-metal separation. The reducing agent should 
not dissolve in plutonium or form any intermet^lic compound with it. Low melting 
point of the slag and high boiling point of the reducing agent are additional 
requirements. Considering all these factors it is found that the reduction of plutonium 
tetrafluoride with calcium is sufficiently exothermic and the slag in this case melts at a 
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Figure 7. Flowsheet for preparation of plutonium metal. 


generated. It is very essential to control the beating rate. If the heating is too rapid, the 
reaction takes place only at the surface and thus the slag solidifies too rapidly. On the 
other hand, if preheating period is too long, the caldum particles get coated with Calj 
retarding the rate of reaction. The start of the reduction reaction is indicated by a 
sudden rise in the temperature monitored by a thermocouple or by a drop in the 
neutron emission from the reaction chamber. The yield in this process is generally 
97-99 % and the purity normally exceeds 99-8 %. Alternatively PuF* and finely divided 
calcium (50 % excess) are mixed and pressed into pellets. The pellets are loaded into a 
calcium fiuoride crucible and then in a quartz tube. On heating a bright flash shows the 
initiation of the reaction. 

Direct reduction of dioxide would overcome the drawbacks of the fluoride and 
chloride processes namely high neutron emission and hygroscopidty respectively. It 
would also simplify the process by the elimination of the costly halogenationi step. 
Recent studies (Wade and Wolf 1969) have shown that by proper modification of the 
reduction apparatus and by using a suitable flux, it is possible to obtain plutonium in 
massive form by calciothermic reduction of the oxide. Reduction of dioxide by carbon 
becomes feasible only at temperatures of the order of3000°C and requires high vacuum 
system. It also suffers from the formation of plutonium carbide. 

5.2 Melting and casting 

The fabrication of plutonium involves many of the techniques commonly utilised for 
working of the common metals. However, all operations are directly affected by the 
extreme toxicity of plutoniiun in any form, the tendency of the metal to oxidise rapidly, 
the pyrophoricity and by the obvious necessity of avoiding conditions of criticality. 

The low melting point of plutonium offers a considerable amount of freedom in the 
selection of melting equipment. Although resistance, arc and electron beam furnace 
have been used for melting plutonium, inductive heating is most advantageous. 
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was kept outside the glove box and the sample was examined through a transparent 
plastic bag attached to the glove box. The as-cast microstructure of the alloy ingot 
(figure 8 ) clearly shows lamellar PUAI 4 particles in an A1 matrix. 

Al-Pu alloys containing 3-20 w/o plutonium have found widespread application in 
many research reactors. Aluminium because of its low parasitic thermal neutron 
absorption cross-section ( 0 - 22 b) and high thermal conductivity is considered as an 
excellent inert carrier for the fissile plutonium. Since plutonium has negligible solid 
solubility (Roy 1964; Ellinger et al 1962) with aluminium (figure 9) these alloys 
essentially comprise of a dispersion of the intermetallic PuAU in an aluminium matrix. 



Figure 8. Microstructure of cast aluminium-plutonium alloy (prepared in 1961, x 100). 



Figure 9. Plutonium aluminium phase diagram. 
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Figures 11, 12. 11. X-ray radiograph of A1 clad Al-Pu alloy plate fabricated in radio- 
metallurgy division, barc. Dark areas show the alloy meat. 12. 9 plate fuel subassembly of A1 
clad Al-Pu alloy. After irradiation testing in Zerlina reactor in barc. 


With the commissioning of the new Plutonium Metallurgy Laboratory in 1970, a 
new pilot scale facility was set up for fabrication of Al-Pu alloy fuel elements at barc. 
The main equipment consisted of a high vacuum induction melting-casting unit, a 2 
high/4 high cold/hot rolling mill and an annealing furnace. 

This facility was utilised in 1973 to fabricate 2 nine plate sub-assemblies of Al-10 w/o 
Pu and AI-18 w/o Pu plate fuel elements (445 x 51*75 x 1-78 mm) by the “picture-frame 
technique’* according to the flowsheet shown in figure 10 (Prasad et al 1976) for nuclear 
physics experiments in the zerlina reactor at barc. The Al-Pu alloy meat was hot roll- 
bonded to the aluminium cover plates at 450°C The radiograph of a roll-bonded Al 
clad Al-Pu alloy fuel plate and the photograph of a 9-plate sub-assembly fabricated at 
BARC are shown respectively in figures 11 and 12. 

Such Al-Pu plate fuel elements could be utilised as a substitute for the imported 
aluminium clad Al-13 w/o U(85% enriched plate fuels used in the Apsara 

Swimming Pool type test reactor at barc. It also can be used as boosters in our 
pressurised heavy water reactors (phwr) to overcome xenon poisoning following post 
shut-down start-ups. 

7. Plutonium-beryllium alloys 

Pu-Be alloys are used as low flux neutron sources utilising the interaction of alpha particles 
from plutonium with beryllium atoms to generate neutrons according to the reaction 
Be® (a, n)C^^. The principal advantages of Pu-Be alloys over Ra-Be and Po-Be neutron 
sources is the stability of the neutron yield with respect to time due to the long half-life 
of ^^®Pu (24360 yr) and the relatively small amount of low energy gamma radiation. 
Moreover, plutonium is relatively non-volatile as compared with radium or polonium 
and since it readily alloys with beryllium, it is possible to prepare the Pu-Be neutron 
source as an alloy rather than pressed mechanical mixtures. The alloying further leads 
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Figure 15. Fuel pin and pencil 
neutron source for Fumima. 


its neutron yield of 46 per 10^ alphas. Further, alloys with N > 30 are easily sintered at a 
relative low temperature of 1250°C but for N lower than 30 a minimum sintering 
temperature of 1400°C is required. 

The first Pu-Be neutron source of nearly 1 Curie strength was prepared at barc (Roy 
et al 1967) in 1967 by berylothermic reduction of pellets prepared from a powder 
mixture of around 18 g each of PUO 2 and Be in vacuum at 1250®C (Be:Pu atom = 30). 
The reaction is as follows: 

PUO 2 H-2 Be = Pu + 2BeO 

AGioook= “29-4kcal/mol. 

The presence of BeO in the reaction product does not alter the neutron emission. The 
alloys thus prepared undergo reaction sintering and consist of a fine dispersion of 
PuBeia and BeO in a matrix of Be. Subsequently in 1972, the same technique was 
followed for the preparation of several point and pencil neutron sources of strength 
between 50 mCi and 5 Ci (Mahajan et al 1972). 

The Pu-Be neutron sources are encapsulated in metallic cans. For the point source 
the Pu-Be alloy tablet is first loaded in a one end closed aluminium or stainless steel 
container with a screwed cap. This sealed inner container is next loaded in an outer 
container of stainless steel and encapsulated by tig welding. These point sources have 
been delivered to several agencies within and outside barc for calibration of neutron 
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9. Plutonium dioxide 

In the field of ceramic fuel too the trend developed in the uranium system had set the 
pattern in the plutonium field. In the 1960s uranium dioxide was universally used in 
most of the commercial thermal power reactors, including ours, and the technology for 
the production of zircaloy clad UO 2 fuels by the “pellet-in-tube” process was available 
in Trombay (Fareeduddin et al 1975). This know-how was conveniently extended for 
the initial development of stainless steel clad PUO 2 fuels in the new plutonium 
metallurgy laboratory at Trombay in 1970 (Roy 1975). 

Subsequently, the first major plutonium fuel fabrication job was executed in 1972 
when the complete core for the zero energy fast reactor purnima in barc consisting of 
186 fuel pins containing around 25 kg, of sintered PUO 2 fuel pellets was fabricated. The 
fuel pin (495 mm long x 11 mm OD) (figure 15) with a cladding thickness of 0-5 mm and 
consists of a stack of sintered PUO 2 fuel pellets of average density of 90% theoretical, 
held tight by a spring between a pair of axial molybdenum reflectors in a 316 stainless 
steel cladding tube which is sealed leak tight by tig welded end plugs. 

PUO 2 pellets were prepared from oxalate derived sinterable PUO 2 powder by the 
powder metallurgy route of cold compaction at around 25 tsi followed by sintering at 
1600°C in A + 8 %H 2 atmosphere. The finished fuel pins were subjected to rigorous 
inspections for dimensional checks, x-ray radiographic examinations, mass spectro- 
metric helium leak detection and surface contamination. 


10. Mixed oxide fuels 

Pure PUO 2 as such is not suitable for use as fuel in power generating reactors as it fails 
to satisfy the reactor engineering and safety requirements of bigger reactors. Further, 
for breeding additional fissile material simultaneously with power generation it is 
essential to dilute PUO 2 by muting with fertile materials like UO 2 or Th 02 . 

The following mixed oxide fuel compositions have been studied and developed in the 
last ten years as a part of.our fuel development programme for water-cooled thermal 
and liquid metal cooled fast breeder reactors (lmfbr): 

(a) 76 % PUO 2-24 % natural UO 2 or 70% UO2-30% PUO 2 (assuming availability 
of 85 % enriched for actual use) fuels for our fast breeder test reactor (fbtr). 

(b) UO 2 -PUO 2 (up to a maximum of 5 w/o PUO 2 ), popularly known as the MOX 
fuel, as substitute for the 2-4 % enriched UO 2 fuels for the BWRs at taps. 

Since UO 2 and PUO 2 are isostructural (fee, CaF 2 type), mutually solid soluble and 
have similar physical and chemical properties (table 8 ), the fabrication flowsheets 
(figure 16) of the mixed oxides are essentially the same and involves three major steps, 
namely, (i) simultaneous mixing grinding of the two oxide powders in the desired 
proportion, (ii) cold compaction of the powder mixture into pellets with or without 
binder addition, and (iii) sintering the pellets in a controlled atmosphere. The process 
control steps in pellet fabrication should ensure homogeneous solid solution forma¬ 
tion, uniform distribution of plutonium, an oxygen to metal ratio slightly in the 
hypostoichiometric range and a controlled density. 

In addition to the above route, in Trombay we are also working on the “vibrosol” 
process as an alternative method of preparation of mixed oxide fuel pins (Sood and 
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the fuel pin by “vibratory compaction”, smear density of the fuel pin can be controlled 
between 60 and 90% TD. An “internal gelation” (Kanij et al 1974) process has been 
followed for preparing mixed oxide microspheres according to the flowsheet shown in 
figure 17. The nitrate solutions of the actinides are mixed and cooled. To this, 
concentrated hexamethylene tetra amine (hmta) and urea solutions are added which act 
as internal gelation agents. Droplets of this solution are gelled by contact with hot 
('^90®C) silicone or paraffin oil. 

The vibro-sol method offers the following advantages over the cold pressing 
sintering process: 

(a) There are less number of fabrication steps and maximum flexibility of operation. 

(b) A high degree of microhomogeneity is obtained in the microsphere since the 
blending is effected in the liquid stage and steps like prolonged ball milling of oxide 

■ powders for achieving good homogenisation are avoided. 

(c) The build-up of radioactive dust on equipment and glove box surfaces which is 
rather common in the powder metallurgy route is also avoided since no fine powder 
handling is involved. 

(d) The method is more suitable for remote operation and automation. 

The main drawback of the vibro-sol route is that in the event of an accidental breach of 
the. cladding tube, there could be more expulsion of fuel particles to the coolant circuit 
as compared to pellet fuel, thereby causing a gross contamination of the primary 
coolant. 



Figure 17. The kema internal gelation process. 
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Figure 19. Swelling of uranium and plutonium rich mixed oxide after interaction with 
sodium. 


In view of the above deficiencies, investigation of plutonium rich (U, PuPj was not 
pursued further. The next logical step was to revert back to the development of 
fabrication flowsheet of 70 % UOj-SO % PuOj. Single-phase mixed oxide pellets of this 
composition with density 92 % TO and O/M ratio 1-98 could be reprodudbly 
fabricated in our laboratory (Majumdar et al 1984). A typical microstructure of single 
phase mixed oxide pellet is shown in figure 23. 

10.2 MOX fuel for taps 

Zircaloy-2 clad 2-4 % enriched UOj is the fuel for the two bwr at taps. The enriched 
uranium for these reactors was imported ever since the reactors were commissioned in 
1967. However, with changing political conditions great difficulties were experienced in 
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Figures 22, 23. 22. Microstructure of (Uo .24 Puo.76)02 showing two phases (x 400). 
23. Microstructure of single phase (U 0.70 Puo.3o)02 (x 320). 

Though the first mox fuel experience (Sah et al 1977) was acquired in Trombay in 
1972 when a test pin of U02-1‘5 w/o PUO 2 of specifications similar to our phwr fuel 
element was fabricated for irradiation testing in the pressurised water loop (pwl) of our 
ciRUS reactor, the mox substitute fuel for taps was a real challenge to the metallurgists as 
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Figures 24,25. 24. Alpha auto radiograph of mox pellets ( x 80). 25. Continuous sintering 
furnace for mox pellets. 


Since plutonium-rich mixed oxide fuels were not suitable for fbtr, efforts were 
directed to develop the fabrication flowsheet for plutonium rich (UPu)C and (UPu)N 
fuels. Towards the end of 1970s (Uo. 3 Puo. 7 )C and (Uo-jPuo.ylN pellets of controlled 
density and phase content were successfully produced in the plutonium metallurgy 
laboratory at Trombay as per the flowsheet shown in figure 27 (Ganguly 1980). 
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Figure 27. Flow sheet for preparation of (U 0.3 Puo. 7 )C and (Uo.s Puo. 7 )N fuel pellets for 
LMFBR at BARC. 


Equilibrium tbennodynamic calculations confiimed by experimental results show 
that (UPu)C prepared by carbothermic reduction of oxides contain substantial amount 
of oxygen because of the formation of a mixed uranium plutonium monoxy-carbide 
solid solution in the final stage of the carbothermic reduction process which above 
1625°C remove essentially all the oxygen from the monocarbide but might result in the 
formation of the undesirable liquid phase PuC^ by peritectic decomposition and lead 
to high plutonium volatilisation losses. 

In the synthesis of (UPu)N by solid state carbothermic reduction of a powder 
mixture of UO 2 , PuOj and graphite, nitrogen plays the dual role of the reactant and the 
carrier for the removal of CO. The (UPu)N produced by this method has high oxygen 
and carbon contents. 

11.1 Advantages of plutonium rich {UPu)C and (UPu)N 

Initial theoretical studies on plutonium rich (UPu)C and (UPu)N unfolded the 
following advantages of this fuel over the uranium rich composition: (a) UC anri 
uranium rich (UPu)C have no carbon solubility range but there is a limited carbon 
homogeneity range in the PuC and plutonium rich (UPu)C as shown in the U-Pu-C 
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Figure 29. Carbon potentials of carbides. 
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Figure 30. X-ray diffraction pattern of MC and MN; M = (U 0.3 Puo. 7 ) after carbothennic 
reduction of UO 2 + PUO 2 +C for (a), carbide (b). nitride; after sintering of (c). carbide 
(without -Ni) and (d). nitride. 
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Looking forward 

our travels into the plutonium age over the past quarter of a century, we have passed 
iny milestones, meeting new challenges, probing new frontiers, indigenising all 
pects of plutonium metallurgy and fuels and have reached today a stage of 
mmercial exploitation of plutonium in nuclear power reactors. 

Our well-known three stage nuclear power strategy projects the pivotal role of 
atonium in the coming decades for a viable and rapidly expanding electricity 
aeration programme. The first stage based on our operating and forthcoming natural 
Dj fuelled phwrs will be limited to only 10-15 GW(e) for 30 yr but will produce 
tween 100-150 tons of fissile plutonium as by-product along with depleted uranium, 
le second stage, which is likely to start towards the turn of this century, will make 
>st effective utilisation of these large quantities of plutonium by recycling it several 
aes with depleted uranium in lmfbr. Around 350 GW(e) would be possible for 65 yr 
th 238u_239p^ and simultaneously ^^^Th could be converted to 

lally, in the third stage, the self sustaining 232'j'j^_233u thermal breeder fuel cycle 
uld be used in phwr to unlock 1000 GW(e) for 240 yr, thus establishing that nuclear 
wer is the only long term answer to our energy crisis. 

A plutonium-fuelled prototype fast breeder reactor of 500MW(e) capacity 
™-500) has been already planned for the 1990s (Singh et al 1981). This reactor will 
lentially act as a “lead station” to demonstrate the basic safety, reliability and 
)nomics of plutonium fuel reprocessing, refabrication and irradiation on a 
mmercial scale and will generate data on which “series ordered lmfbr stations” can 
commissioned with confidence after 2010. 

A larger capacity plutonium fuel fabrication plant is coming up at Tarapur to meet 
r future requirement of plutonium fuels in pfbr-500 and thermal reactors. This plant 
)eing designed and constructed in the philosophy of “secured automated fabrication 
f)” through a carefully staged development from present glove box operations to 
oi-remote or remote operations placing emphasis on radiotoxic dust reduction and 
containment. This development should ultimately result in systems that maximise 
rsonnel radiation protection, restrict and control access to plutonium, provide near 
.1 time accountability and improve the uniformity and quality of plutonium fuels, 
^^ew fabrication flowsheets for plutonium bearing fuels amenable to automation and 
Qotisation are being developed in Trombay. One of the promising process is the ‘gel- 
letisation route’ (Gilissen et al 1982) which uses gel derived microspheres rather than 
wder as feed material for pellet pressing. Because of the free flowing and dust-free 
:ure of microspheres, the gel-pelletisation process is ideally suited for remote 
►rication of the fuel pellets. In our preliminary experiments with gelled microspheres 
(UPu)02, high density sintered pellets have been prepared. Figure 33 shows the 
:rostructure of such a pellet and figure 34 shows the alpha autoradiograph. 

The Th02-Pu02 (up to maximum of 5 % PUO2) is a promising fuel for our thorium 
»ed PHWR (Ganguly and Roy 1982). If due to technological or political reasons 
ycling of plutonium is delayed in our lmfbr, such fuels could be conveniently used in 
r existing phwr without involving major resource investment and engineering 
•difications. 

n conclusion it may be stated that plutonium technology is mostly classified in 
:ure and detailed informations are not available in open literature. In spite of that we 
/e succeeded in the harnessing of plutonium entirely with indigenous resources and 
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without any foreign assistance. Only a vertical take off is needed and a few obstacles are 
to be overcome before this great gift of nature and our control over it bears the fruit of 
its present promise. 
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Internal friction in hexagonal metaU 

M K ASUNDI and C N RAO 

Physical Metallurgy Division, Bhabha Atomic Research Centre, Trombay, Bombay 400085, 
India 


Abstract. An overview of the studies of internal friction in hexagonal metals and alloys is 
presented. An outline of the experimental techniques of measurement and the atomistic 
mechanisms causing internal friction is also given. 

Keywords. Anelasticity; internal friction; hexagonal metals. 


1. Introduction 

All materials possess the intrinsic ability to dissipate mechanical energy by some 
internal atomistic or microscopic processes. This property is called internal friction or 
damping capacity. Internal friction is mainly observed in systems undergoing periodic 
vibrations and its magnitude can be determined by the decay of free vibrations or of 
travelling waves in a test piece. In recent times, internal friction has become an 
important tool for investigating the atomistic processes in solids. One of the best 
known examples is the internal relaxation due to the diffusion of interstitial solutes in a 
bcc solid which can be conveniently studied by low cycle torsion pendulum 
measurements. 

This paper gives a brief account of the various measures of internal friction, the 
experimental techniques of measurement and the mechanisms for internal friction 
followed by an overview of the studies on hexagonal materials. The results on 
zirconium and titanium alloys are given in greater detail due to the extensive studies 
made on these materials. 


2. Relaxation and internal friction 

A measure of the damping capacity is the quantity A WlWwhete A Wis the energy loss 
per cycle and Wis the total vibrational energy. It is given by the integral jcrde over one 
cycle where <t is the applied stress and e is the resulting strain. For an ideal elastic body, 
there will be no dissipation of energy and the integral vanishes. When there is internal 
dissipation, stress and strain are no longer in phase with each other and the dissipation 
can be due to static or dynamic hysteresis (figure 1). For static hysteresis (figure la) part 
of the strain is irreversible and the internal friction will generally be independent of the 
frequency of vibrations, but will be strongly dependent on the amplitude of vibrations. 

For dynamic hysteresis (figure lb) relaxation occurs over a finite time by internal 
rearrangements in the material and depends on the rate of change of a and e. Such a 
behaviour is called anelastic, a term introduced by Zener (1948), For small amplitude of 
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2.4 Tangent of the phase angle 

In the case of linear damping, an applied sinusoidal force f^ sin cot produces a 
displacement Xq sin (cot — where is the phase lag between the applied force and 
displacement. The ratio of the components of strain out-of-phase and in-phase with the 
stress given by tan 0 can be used as a measure of the damping. 

For small damping values, the different quantities defined above are approximately 
related to each other as 

S/n = G' ^ = P/2k = tan <f>. (4) 


3. Experimental methods of measurement 

When considering a relaxation effect, four quantities are of interest; (i) the relaxation 
strength, which determines the peak height; (ii) the relaxation time which determines 
the peak position on the temperature scale; (iii) the shape of the peak which can be 
characterized in terms of the width at half maximum; and (iv) the modulus defect which 
causes a variation of the resonance frequency of the specimen in the temperature range 
of the damping peak. 

Over the years, a variety of equipment have been built in various laboratories to 
measure internal friction. According to the method by which stresses are generated in 
the specimen, the techniques can be divided into resonance methods, pulse-echo 
methods and mechanical after-effect methods. Whereas the pulse-echo technique is 
restricted to high frequencies (over 1 MHz) and the after-effect method to very long 
relaxation times (over 10 sec), the resonance methods are useful in the range of low to 
medium frequencies (0 01 Hz to 100 kHz). In a given type of experimental system one is 
usually restricted to a limited number of operating frequencies and hence to observe a 
relaxation process one has to vary the temperature. Thus, practically all the instruments 
described in the literature provide for measurements over a range of temperature. 

A comprehensive description of the experimental methods can be foimd in the books 
by Nowick and Berry (1972) and De Batist (1972). 

4. Mechanisms of internal friction 

A number of atomistic and microscopic mechanisms can contribute to energy 
dissipation in solids. Some of these are: (a) stress-induced ordering of interstitial and 
substitutional atoms, commonly known as Snoek and Zener relaxations (Snoek 1941; 
Zener 1947), (b) grain boundary viscosity (Ke 1949X (c) thermoelastic damping 
(Waterman 1958), (d) dislocation damping (Read 1940), (e) magnetic damping in 
ferromagnetic materials (Cochardt 1959) and (f) electronic damping at low tempera¬ 
tures (Bommel 1954). 

Covering the various aspects of relaxation processes and experimental results, 
extensive reviews have been published by Zener (1948), Nowick and Berry (1972), 
Nowick (1953), Entwistle (1962), De Batist (1972), Berry (1962), Mason (1966), Niblet 
and Wilks (1960), Wilks (1965), Burdett and Queen (1970), Fantozzi and Ritchie (1981) 
and Lucke and Granato (1957). 

A brief account of the relaxations ascribed to point defects, dislocations and grain 
boundaries is given below: 
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Figure 4. Zener peak in polycrystalline and singie crystal specimens of a-brass (torsional 
vibration at 0-5 Hz). 


Another important kind of point defect process, ascribed to stress-induced 
reorientation of solute pairs, is the Zener relaxation, first observed by Zener (1943) in a 
single crystal of70-30 oe-brass. Since then, similar relaxation peaks have been found in a 
number of binary (and other complex) alloys with fee, bcc and hep crystal structures. 
According to the pair reorientation theory of 2^ner (1947) asymmetric distortions can 
be expected around two adjacent solute atoms i.e. around a nearest neighbour pair. This 
enables splitting of free energies of differently oriented pairs by an applied stress. 
Figure 4 gives the Zener peak observed in a-brass. 

In addition to the solute-solute (S-S) defect pair, interaction of substitutional- 
interstitial (S-i) pairs, and I-I pairs may lead to internal friction peaks (see for example 
Nowick and Berry 1972). 

4.2 Relaxation involving dislocations 

A variety of relaxation peaks occur at temperatures, usually below room temperature, 
after plastic deformation. They are considered to be caused by the movement and 
interaction of dislocations with point defects. 

In the vibrating-string model (Granato and Lucke 1956) the dislocation line is 
considered to behave like an elastic string fixed at two points in the lattice, restricted to 
move in two dimensions in the glide plane. A number of anelastic effects can be deduced 
from the model. One important result is that the anelastic properties of dislocations 
should be strongly frequency dependent. Changing the resonance frequency of 
dislocations by decreasing the free length of the vibrating string (introducing additional 
pinning centres by irradiation) affords an effective method of checking the results of the 
dislocation damping theory and to study the production and recovery of defects. 

By considering the movement of the dislocation string in a periodic lattice 
potential—the Peierls potential—^additional relaxation effects due to anelastic motion 
of segments of the dislocation line are predicted. 

Dislocation motion described by means of kink diffusion (Brailsford 1961) along 
dislocation lines can also be used to explain dislocation damping caused by resonance 
effects as well as relaxation effects. 
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Figure 7. The two types of interstitial jumps pro¬ 
ducing reorientation of a nearest neighbour IS pair in 
the hep structure. is the jump rate parallel to the 
basal plane and Wj is perpendicular to the basal plane. 


and Bisogni 1967). This will be possible for small atoms like H which may occupy 
octahedral as well as tetrahedral sites. In terms of the jump probabilities \Vi for the 
transition from tetrahedral to octahedral site and W 2 for the reverse jump, the 
relaxation time t is given by 


z-^ = W, + W2. (5) 

Relaxation due to interstitial-substitutional {IS) pair in hexagonal crystals has been 
discussed by Nowick (1967). The nearest neighbour pairs lie in (100) type planes and the 
(IS) defect is of the < 100 ) monoclinic type and two kinds of jumps are possible during 
the relaxation (figure 7). In terms of the probability Wi for a jump normal to the basal 
plane and for a jump within the bas^ plane, the two relaxation times are given by 


Zi^ = 3W2 + 2lVi, 
T-i = 3W'2. 


( 2 ) 


In addition to the relaxations due to point defect interactions, relaxation effects can 
also occur due to dislocations and semi-coherent or incoherent interface boundaries. 


S.2 Relaxations associated with interstitials 

S.2a /-/ interactions: Relaxation peaks due to hydrogen interstitial pair have been 
observed by Koster et al (1956) in Ti, by Bungardt and Preisendanz (19^) in Zr and by 
Hasiguti et al (1965) in zircdoy-2. Miller and Browne (1970) and Browne (1972) 
reported a relaxation peak due to oxygen interstitial pair in Ti, Zr and Hf. For I-I 
interaction the relaxation strength should be proportional to the number of such pairs 
and hence to the square of the interstitial content. Miller and Browne (1970) reported 
such behaviour for both Ti-0 and Ti-C alloys. However, investigations by others 
(Misra and Asundi 1972a, b; Povolo and Bisogni 1967) failed to identify the I-I peak in 
zirconium and titanium. Interstitials were observed to give rise to relaxation only in 
conjunction with a substitutional atom. 

5.2b IS pair relaxations: Interstitial relaxation in hep metals involving IS pairs was 
first reported by Pratt et al (1954) for Ti containing oxygen. S imilar results were 
report^ by Gupta and Weinig (1962) and Bratina (1962). The height of the IS peak 
was a linear function of the oxygen content, and was related to the size of the 
substitutional atom. 
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orientation dependence of dislocation damping effects is to be expected in single crystal 
experiments. 

The Bordoni peak in Zr and Ti is generally much smaller than the corresponding 
peak for fee metals, probably due to the presence of interstitial impurities. Gruzin and 
Semenikhin (1963) studied the low temperature damping (Bordoni peak) in high purity 
zirconium which had been deformed to various amounts using a flextural vibration 
technique. The effect of alloying as well as fast neutron irradiation on the stability of the 
peak was studied. Doherty and Gibbons (1971) studied the Bordoni peaks in zirconium 
using a composite resonator technique in the frequency range of 100 to 150 kHz and 
found an additional peak towards the low temperature range for a sample cold worked 
by 38 % reduction in cross-section. Under the application of hydrostatic pressure, both 
the peaks were observed to increase in height. Fonquet et al (1970) studied Zr and Zr 
base alloys at a frequency of 13 kHz. 

Hasiguti (1953) found that there exists an internal friction peak above the 
temperature of the Bordoni peak in cold worked metals. This type of peak known as the 
Hasiguti peak has been reported in Ti, Zr, Mg (Hasiguti et al 1962) and beryllium 
(Abrams et al 1966). The Hasiguti peak is usually small and has higher activation 
energy than the Bordoni peak and is caused by dislocation relaxation. Yukiti and 
Hasiguti (1972) reviewed the basic mechanism of thermally-activated unpinning of 
dislocations resulting in the Hasiguti peak and deduced that the peak temperature 
shifts with stress amplitude. 

The most extensive study on single crystals was carried out by Tusi and Sack (1967). 
Internal friction studies and electron microscopic observations were carried out on Mg 
single crystals. Figure 8 shows the results for magnesium single crystals after 0*5 % 
compression. (6 is the angle between the crystal axis and the hexagonal axis). A broad 
peak at around 200°K was observed in 2-40 kHz range. From the orientation 
dependence, it is inferred that dislocation motion in the basal plane is involved in the 
relaxation process. The peak height increased with deformation and attained a 
maximum by 2.5 % deformation by compression. The peak height was quite sensitive to 
the presence of impurities. About 1 % Li completely suppress it, whereas Fe and Ni 
prevent the peak from disappearing even in annealed samples. A small peak at about 
20°K was noticed in cold worked polycrystals and highly deformed single crystals, 
presumably due to grain boundary or twin boundary relaxations. 



Figure 8. Iiiternal friction of single crystals of magnesium of dilferent orientations after 
0-5 % compression. 
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A novel method of rf powder sputtering 
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Abstract. A new method of rf sputtering by which thin films of metals, semiconductors and 
insulators can be sputtered from their respective powders, has been successfully demonstrated. 
The films have been characterized for their surface and crystal structure using conventional 
methods of sem and tem. All the films are amorphous with a relatively smooth surface 
topography. The relative merits and demerits of the technique have been briefly discussed. 

Keywords. RF sputtering; target; shield; Crookes dark space; amorphous films; scanning 
electron microscopy; transmission electron microscopy. 


1. Introduction 

Owing to their remarkable performance rf sputtering techniques have evolved as 
indispensable tools for vapour deposition of materials (Holland 1956; Chopra 1969; 
Jackson 1970; Maissel and Glang 1970). The technique offers manifold advantages over 
the other conventional methods such as thermal (resistive heating) and electron beam 
evaporation when a precise control over the film composition, thickness and adhesion 
is desired (Chopra 1969). 

By definition, sputtering is the physical removal of the surface atoms of a solid target 
by the energetic particle bombardment and is caused by the momentum transfer of the 
incoming particles to the atoms near the surface layers of the solid. The ejected atoms 
can be deposited onto suitably placed substrates. Sputtering can be categorized into dc 
and RF sputtering. The former method is used effectively for sputtering of metal targets 
(Maissel and Glang 1970) but fails in insulating (dielectric) and semiconducting targets 
because of the build-up of a surface charge of positive ions on the insulator (or 
semiconductor) which prevents any further ion bombardment (Holland 1956; Chopra 
1969). Applications of an rf field, in such cases, removes the inherent problems by 
providing swarms of secondary electrons from the plasma, which neutralize the positive 
space charge. 

Targets used in conventional or commercial systems are fabricated in the form of 
discs and are secured to the target holders which are often water cooled. The targets are 
generally supported or suspended horizontally, fastened to the chamber top plate and 
electrically insulated from it. The substrates are kept below the target on a plate at a 
distance of ^ 8 cm and can be maintained either at ground potential or at a negative 
bias. Fabrication of such targets involves long and cumbersome procedures primarily 
because of the geometrical constraints of the existing set-up in commercial instruments. 
Further, the amount of material and the cost involved in making such targets can be 
enormous, particularly when large area targets are desired. Hence, there is a definite 
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Fieure 1. Block diagrams of the RF sputtering system with *e important ^ccessones 
a Conventional and b. Modified. (1-target. 2-cathode shield. 3-plasma region. 4-anode 
(substrate holder). 5-argon gas inlet, 6-rf tuning network. 7-gasoutlet. 8-coolant water). 

smaller by ceduemg the argon gas pres^re. However, 

beams approximately 20 mm less than the aperture diameter can be obtaine . 


3, Sputtering and characterization of films 

This method which is essentially a powder sputtering method has been successMly 
parameters used are listed in table 1. 
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Abstract. Beta alumina solid electrolyte is a potential candidate in the fabrication of Na-S 
batteries. In the present study, it has been prepared in the form of discs by uniaxially as well as 
isostatically pressing and sintering in the temperature range 1S8S-1630°C, the highest sintered 
density of 3*25 g/cm^ has been achieved in the samples isostatically pressed and sintered at 
1630°C. X-ray analysis of the samples shows formation of ^"-phase. Microstructure of the 
sintered samples reveals some darker regions which are attributed to low soda content. 
Resistivity at 300°C measured by the two-probe method at a frequency of 1 MHz on samples 
having vacuum-deposited silver electrodes is 15 ohm-cm, which is slightly higher than the 
value of 5-13 ohm-cm reported in literature using molten sodium electrodes. The activation 
energy of conductivity is 024 eV which is comparable to the literature value of 024-035 eV. 

Keywords. Conducting ceramic; ionic conductor; sodium beta alumina; solid electrolyte. 


1. Introduction 

Beta-alumina ceramics have potential application in a variety of devices such as 
(a) electrolyte in the Na-S battery (Kummer and Weber 1968) for automotive 
propulsion or electric utility load levelling (b) thermoelectric devices (Weber 1974) and 
electrochemical devices for measuring sodium and oxygen activities. Amongst these, 
the sodium sulphur battery system based on beta alumina is the most advanced one. 

The general formula for beta alumina is NajO ■ X-AI 2 O 3 , where x varies from 5-11. 
Two structural forms of beta type alumina exist (Kummer 1972). At x = 11 the 
composition yields ^-alumina which starts converting in ^"-alumina as the sodium 
content increases and at x = S, the ^-phase is completely converted into the ^"-phase. 
^"-alumina has higher ionic conductivity than ^-alumina but is unstable at a 
temperature greater than 1500°C. As the sintering temperature of ^"-alumina is 
> 1S00°C, some stabilizing agent like lithium oxide or magnesium oxide or both are 
added (Gordon et al 1977). 

Lithium-stabilised ^"-alumina was synthesised from reactive a-alumina which was 
prepared at npl, India (Das et al 1982). To compare the results, reactive a-alumina of 
M/s Reynolds, usa was also used to synthesise ^"-alumina. 

2. Experimental procedure 

^"-AljOs was synthesised using two varieties of reactive a-Al 203 (npl, India; M/s 
Reynolds usa (which has particle size ^07 fim and purity >99-6%)). The other two 
raw materials, sodium carbonate and lithium carbonate were of ar grade. The material 
was processed by using zeta process (Youngblood et al 1977)_in which sodium-alumina 
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TiUe 1. Particle size analysis of powders A-E 


Particle size 
(/nn) 


Materials (comm%) 


A 

B 

C 

D 

E 

+ 1*8 

04 

02 

01 

0 

0 

+ 1.15 

4-2 

3*4 

2-3 

1-2 

1*2 

+08 

14-0 

121 

107 

9-5 

9*2 

+0-65 

26-3 

22-6 

21-3 

19-9 

202 

+ 057 

38-2 

33-2 

32-5 

311 

31.3 

+05 

49-2 

43*2 

430 

42-3 

42*3 

+046 

590 

52-3 

52-6 

51*3 

51*5 

+ 043 

67-5 

605 

61-0 

59*3 

59-5 

+036 

86-3 

83-2 

838 

77-8 

77-4 

+ 033 

940 

903 

89-9 

85*6 

86-4 

+030 

98-4 

95-5 

95-9 

92-4 

92*9 

+ 028 

lOOO 

98*8 

99-2 

97-6 

97*5 

+026 

lOOO 

lOOO 

lOOO 

100-0 

100-0 

Mean 

Particle size 

056 

054 

052 

05 

05 


material was ground for various durations of time to yield different particle size 
distributions. Five such powders (table 1) having different particle size distribution 
were processed by pressing uniaxially and isostatically at different pressures. The 
pressed tablets were dried overnight in an oven (160®C) and then covered with coarse 
beta alumina powder and sintered in super kanthal furnace at a temperature ranging 
from 1585-1630°C for various time intervals (2-32 min). The temperature schedule of 
the sintering is shown in figure 2. The inaterial was annealed at 1480°C for 4 hr for 
complete conversion into the ^"-phase. An almost similar two-step sintering schedule 
was adopted by Kvachkov et al (1981, 1982). 

Rectangular samples (33 x 32-7 x 2-7 mm) for x-ray analysis were prepared by 
uniaxially pressing and sintering at a temperature ranging from 1585—1630°C. Tables 
2a and 2b give the xi-ray analysis and it is evident that mostly the ^"-phase is present 
(Ray and Subbarao 1975; astm 1967). The density of the sintered discs was measured by 
Archemedes principle by immersion in xylene. 

For microstructural evaluation the discs were broken into small pieces and the 
broken faces examined under a scanning electron microscope (jeol jsm-35 cf). Energy 
dispersive spectroscopy (eds) mode was employed for the elemental analysis of 
aluminium and sodium. 

The electrical resistivity was measured by employing evaporated silver full face 
electrodes and by using Siemen’s Bridge at 1 MHz to avoid interface polarisation (Yao 
and Kummer 1967) in a temperature range of 20-300°C. 

3. Results and discussions 

3.1 Effect of compacting pressure on green density 

Figure 3 depicts the effect of uniaxial as well as isostatic pressure on the green density of 
the materials (Kalsi et al 1983). The green density increases with pressure. The highest 
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Table 2(a). X-ray diffraction data Table 2(b). X-ray diffraction 
for prepared from data for P" AljOg prepared from 

powder D. powder E. 


dA“ 

i/ii 

hkl 

dA“ 

i/h 

hkl 

11-632 

100 

003 

11-632 

100 

003 

5-644 

47 

006 

5-717 

56 

006 

4-495 

5 

100 

4-484 

7 

100 

4-086 

3 

001 

4-086 

6 

001 

2-818 

12 

110 

2-818 

16 

110 

2-683 

24 

114 

2-691 

28 

114 

2-515 

16 

116 

2-600 

5 

101 

2-429 

9 

0014 



0013 



200 

2-515 

22 

116 

2-380 

3 

204 

2-417 

12 

0014 



118 



200 

2-254 

13 

110 

2-383 

3 

203 

2-132 

9 

1011 

2-254 

18 

no 



207 

2-139 

12 

1014 

2-040 

9 

209 



207 

1-973 

5 

2010_ 

2-045 

16 

200 

1-943 

7 

1011 

1-973 

5 

2010 

1-596 

6 

2014 

1-943 

8 

1016 

1-559 

6 

306 

1-596 

8 

2010 

1-406 

17 

220 

1-559 

8 

306 




1-486 

4 

309 




1-404 

25 

220 


green density of 2-27 g/cm^ was obtained in powder A (table 1) at a uniaxial compacting 
pressure of 3600 kg/cm^ whereas at an isostatic pressure of 2600 kg/cm^ a highest 
green density of 2-3 g/cm^ was obtained for the same powder. 

The variation of green density with particle size presented in figure 3 shows that the 
density decreases with particle size. 

3.2 Effect of compacting pressure on the sintered density 

Variation of the sintered density with uniaxial and isostatic pressure is shown in 
figure 4. The highest sintered density of 3-22 g/cm^ was obtained for powder D (table 1) 
compacted at uniaxial pressure of 1800 kg/cm^ and sintered at 1630°C, whereas for the 
isostatically pressed samples sintered at 1630°C, the sintered density is independent of 
the isostatic pressure in the range of 700”2600 kg/cm^. The highest sintered density of 
3-25 g/cm^ for powder D was obtained. 

The variation of sintered density with particle size is also shown in figure 4 and it is 
clear that as the particle size decreases the sintered density increases. 

3.3 Shrinkage studies 

The shrinkage was measured as a function of uniaxial compacting pressure for all the 
five powders by sintering at 1630°C. The results are shown in figure 5. Shrinkage is 
higher at lower pressures with no significant change beyond 3000 kg/cm^. Powder D 
exhibits the highest shrinkage followed by powder E (table 1). 



Beta alumina solid electrolyte 


987 



Figure 7. Microstructure of prepared from a. powder D and b. the powder E 

and sintered at 1630°C for 20 min. 
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Evidence of screw dislocations on (002) cleavages of lithium carbonate 
single crystals 

K S RAJU*, M PALANISWAMY, P RAMASAMY and G S LADDHA 

Crystal Growth Centre, AC College of Technology, Anna University; Madras 600025, India 
♦Department of Crystallography and Biophysics, University of Madras, Guindy Campus, 
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Abstract. Well-defined triangular etch pits are produced on etching (002) cleavages of 
lithium carbonate single crystals with 2 % citric acid. On-ptching of cleavage face and matched 
face these pits nucleate at the Intersection sites of dislocations with the cleavage face. On 
successive etching of a cleavage face, shallow irregular arrays of pits do not enlarge in size as 
compared to other isolated pits on the same face. These irregular arrays of pits have reasonable 
correspondence on an etched match face, suggesting they form at dislocation sites. 

Keywords. Chemical etching; tilt boundaries; twist boundaries; spiral etch pits; lithium 
carbonate single crystal. 


1. Introduction 

Etch methods have been applied to understand the history of growth of crystals and 
their dislocation content (Gilman and Johnston 1956; Patel and Tolansky 1957; Patel 
and Goswami 1964; Patel and Raju 1966,1967; Raju 1981). It was established that the 
geometric shape of the etch pits on a crystal face is strictly related to the symmetry of the 
crystal face and the nature of the etchant (Patel and Singh-1968; Had Babu and Bansigir 
1968; Buckley 1958; Borle and Bagai 1976; Connick and May 1969; Wehner 1958 etc). 
Irregular arrays comprising of edge and screw dislocations on (0001) and (1OT1) faces of 
hematite (Sunagawa 1968) as well as on (010) faces of gypsum (Raju 1980) have been 
reported. 

In the present paper spiral etch pits observed along the irregular arrays on (002) 
cleavage faces of Li 2 C 03 single crystals are reported. 


2. Experimental 

In the present work, transparent single crystals (Palanrswamy et al 1982) of lithium 
carbonate were cleaved parallel to the (002) plane and etched in 2 % citric acid for the 
required time. The etch patterns were studied by optical methods. Silver coating on the 
etched cleavages was avoided as it would spoil the surface for further etching. For 
examining the cleavage surfaces at higher resolution and magnification, scanning 
electron microscope (Cambridge Stereoscan model S-150 and operating voltage 
20 kV) was used after sputtering the crystal surface with gold. 
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pit marked Y in figure 1 on successive etching appears like a clockwise spiral as seen in 
the pit marked Y' in figure 2. 

3.2 Etching of a matched pair 

In order to investigate the irregular arrays of etch pits, a matched face is etched 
identically for 2^ min in 2 % citric acid. Figures 3 and 4 clearly show a reasonable 



Figures 3 and 4. (x 325) Etch patterns of a matched cleavage etched in 2 % citric acid for 2^ 


min. 
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not clear. Hence the pit N is observed at higher magnification as shown in figure 6. It is 
interesting to note that pit N also resembles a clockwise spiral having a white contour. 


4. Discussion 

The shape of the etch pits on (002) cleavage face of Li 2 C 03 single crystal has been 
observed to be triangular, irrespective of the etchants used (Palaniswamy et al 1982). 
Li 2 C 03 is monoclinic and has the space group C2/c which is a part of class 2/m. The 
(002) cleavage in 2/m is mono-symmetrical, which means it contains one mirror plane. 
Etch pits on (002) plane must show mirror symmetry. The mirror symmetry axis m [100] 
is perpendicular to the base of the etch pits, which happens to be the two-fold axis [010] 
as shown in figure 5. 

On successive etching, the isolated pits enlarge in size retaining their shape, 
suggesting dislocation of etch pits. This has been supported by the exact correspon¬ 
dence of isolated etch pits on matched faces. That the irregular arrays remain shallow 
without enlarging reasonably in depth on successive etching and reveal correspondence 
on etched match faces suggest that these are also dislocation arrays of a different nature 
than those of isolated dislocation pits. One of the pits marked Z in the irregular array in 
figure 3 indicates that this dislocation may be of screw type, anticlockwise. That the pits 
forming the irregular array etch differently than those of isolated pits enlarging in size, 
may be attributed to the association of screw dislocations in the array of pits. 

That the pits (marked M and N in figure 5) constituting the irregular array resemble 
spirals support the conjecture that they reveal screw dislocations in the crystal (Patel 
and Raju 1966). 

These irregular arrays of etch pits may represent general grain boundaries having 
both edge and screw dislocations, which might have been formed due to the 
impingement of misoriented guest crystals causing stresses in the growing crystal. This 
agrees with the findings of Sunagawa (1968) on hematite and Raju (1980) on gypsum. 


S. Conclusions 

That the spiral etch pits observed are along irregular arrays and these irregular arrays 
(of etch pits) have correspondence on match faces indicate that they may reveal tilt or 
twist b^oundaries consisting of edge and screw dislocations in the crystal. Therefore it is 
concluded that the spiral etch pits forming the components of irregular arrays represent 
the sites of screw dislocations on (002) basal cleavages of lithium carbonate single 
crystal. 
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Etch pit observations on the habit faces of gel grown nickel 
molybdate crystals 
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Abstract. The results obtained from etching experiments on the habit faces of 

NiMoO^'xH^O are described. Dilute solutions of chemical reagents such as HNO3, 

CH3COOH, NaOH, KOH are found to be the best etchants for revealing dislocation etch pits. 

The shape and nature of the etch pits are also described. 

Keywords. Etch pits; dislocation; habit faces; gel grown; NiMo 04 ■ XH 2 O crystals 

Introduction 

Etching is a well-known technique for dislocation studies in crystals. It is the result of 
variation in surface reaction or dissolution rates influenced by crystallographic 
orientation effects, lattice imperfection and chemical combination. Etch patterns 
observed on crystal faces play an important role in obtaining information on the 
history of growth of crystals, as their etch patterns are intimately related to the growth 
phenomena. The first attempt to provide an explanation for the process of etching is 
due to Goldschmidt (1904). A satisfactory explanation regarding the origin of etch pits 
and their development has been given on the concept of lattice defect known as 
dislocation. A dislocation etch is an attractive means of studying the early stages 
of deformation in crystalline solids. This has led to the discovery of a number of 
etchants. 

In the present work, an attempt has been made to investigate the nature and shape of 
etch pits by etching the (001) and (011) surfaces of gel-grown nickel molybdate crystals 
(Kurien and Ittyachen 1980). WeU-shaped square and octagonal platelets (average size 
3 X 2 X 0-3 mm^) have been selected for this purpose. 

2. Experimental and results 

As there is no previous study of etching behaviour of these crystals, a number of 
prospective etchants were tried to reveal the dislocation sites and dislocation density. 
Water and quite a few acids were found to etch the cleavage faces of their flakes of nickel 
molybdate crystals. Nitric acid, acetic acid, sodium hydroxide, potassium hydroxide 
and a mixture of nitric acid and hydrochloric acid are suitable etchants for their action 
on the (001) face. Water has some polishing action on the surface. Sulphuric and 
hydroflouric acids were unsuitable for etching the faces of gel-grown nickel molybdate 
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Table 1. Experimental conditions for etch pit formation on the (001) and (Oil) faces of gel 
grown nickel molybdate crystals 


Etchant 

Concentration 

Time 

(min) 

Observation 

HCl 

1:100 




1:150 

1 

Rapid attack 


1:200 

1 

Few perfect pits were observed on the 




(001) and (Oil) faces 

HF 

1:150 




1:200 

1 

Rapid attack 


1:400 



HNO 3 

1:200 


Well-defined square and rectangular 


1:300 

1-2 

pits were obtained on the ( 001 ) 


1:400 


(figure 1) and (Oil) (figure 4) faces 

CH 3 COOH 

1:200 

1 

Clustered etch pits of smaller size 


1:100 

2 

Well-defined square and rectangular 


1:150 


pits with terrace (figure 2 ) 

NaOH 

0-05-0'l N 

2 

Square-shaped pits with two sides 




well developed (figure 5) 

HF + HNO 3 

1:300 

1 

Destructive reaction: no etch pit 




formation 


The experiment was conducted at room temperature. 


pits. But in the case of sodium and potassium hydroxides only two sides of the square 
pits were well-developed. The sides of the square pits in all cases were parallel to the 
<100> direction. The average etch pit density was of the order of 10^-10^ cm In 
isolated crystals, the dislocation density was between 10^ and 10^ cm 


3. Discussion 

Studies on different types of etch pits and their densities give useful information 
regarding the nature of the defects, impurity content and the history of growth of 
crystals. Etch pits may be produced due to several reasons. In the present case, initially a 
clustering of etch pits is formed. They are well-defined, very small point-bottomed, 
rectangular square pits. However, on repeated etching most of the pits became flat- 
bottomed and eventually vanished. The origin of flat-bottomed pits is due to the 
localised defects such as microprecipitates, vacancies etc. (Michael et al 1970). Evidently 
in this case etch pits are not being formed at the dislocation sites but at the impurity 
sites. The large flat-bottomed pits were assumed to be due to edge dislocations 
produced during the later stages of crystal growth (Johnston 1962). The edge and screw 
dislocations give rise to two distinct types of pits. The etch pits due to edge dislocations 
were generally small compared to those due to screw dislocation (Amelinckx 1976). The 
terrace nature of pits is a common phenomenon in the case of calcite, mica, etc. 
(Patel et al 1963). The terrace nature of pits obtained in this study can be explained by 
postulating the precipitation of some sort of impurities along the dislocation line which 
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Elastic properties of As-Sb-Se glasses 
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Abstract. Results of measurement of elastic modulii on As-Sb-Se glasses are reported and 
their composition dependence discussed. The Young's and the shear modulii lie in the range of 
170-210 and 65-80 kb respectively. These values are typical of chalcogenide glasses. For (As, 
Sb) 4 oSe 5 o glasses, the modulii increase monotonically with increasing Sb 2 Se 3 content. The 
observed composition dependence of the modulii for the As^bisSea^ glasses is examined in 
terms of the chemically ordered structural units in the glasses. 

Keywords, As-Sb>Se glasses; elastic properties; cx)NM model. 


1. Introduction 

The results of measurement of glass transition temperature (T,), electrical conductivity 
and density (d) on glasses of the As-Sb-Se system were reported earlier (Giridhar and 
Sudha Mahadevan 1982). The study covered two groups of glasses: (i) those whose 
composition could be represented by (As, Sb) 4 ,oSe 6 o and (ii) those whose composition 
could be represented by As^SbijSegj.,. The (As, Sb) 4 o^ 6 o glasses fall along the 
(As 2 Se 3 ) (Sb 2 Se 3 ) pseudobinary section and represent the so-called ‘stoichiometric’ 
compositions of the As-Sb-Se system. The electrical conductivity and d of these 
glasses showed a monotonic increase with increasing Sb 2 Se 3 content. In the 
As,,Sbi jSeg, -I glasses, with the stoichiometric As 2 sSbi sSe^o composition as reference, 
glasses with more than 60 at. % of Se were referred to as Se-rich glasses and those with 
less than 60 at. % of Se as As-rich glasses of this family. The As^e^oo-* 
Ge^Sbi sSeg, glasses show an extremum in T, and d at the respective stoichiometric 
compositions (Myers and Felty 1967; Mohan et al 1981; Narasimham et al 1981; 
Giridhar et al 1981). The composition dependence of T, and d of the As^ Sb,, Seg, 
glasses exhibit an interesting feature, namely, that the T, and d of the As-rich glasses of 
this family are higher than those of the As 23 Sbi sSe^o composition (Giridhar and Sudha 
Mahadevan 1982). 

The results of measurements of elastic properties on eight glass compositions are 
reported in this paper. Four of these compositions can be represented by (As, Sb) 4 oSe 5 o, 
while the other four belong to the As^SbisSegj.,, family. 

2. Experimental 

The cylindrical samples (about 12 mm in diameter and 6 mm in length) suitable for 
ultrasonic sound velocity measurements were obtained by the following procedure. 
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Figures 1-3 1. Typical exponential echo train for a AsioSbi 3 Sc 75 sample for longitudinal 
waves. 2, Expanded echo wave form for pulse superposition for p = 2, minimum amplitude. 
3. Expanded echo wave form for pulse superposition for p = 2, maximum amplitude. 
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3.2 As^bisSes 5 -* glasses 

The data for As^SbisScgj-, glasses are shown in figure 5 and table 1. With the 
stoichiometric composition As 25 Sbi 5 Sc 6 o as reference, the G and E of As-rich glasses 
are seen to be essentially constant while those of the Se-rich glasses show a decrease 
with increasing Se-content. The bulk modulus exhibits a maximum for the stoichiomet¬ 
ric composition (figure 5). Also shown in figure 5 is the variation of the mean atomic 
volume with composition. Based on the decrease of the mean atomic volume with 
increasing As content in the As-rich glasses, an increase of bulk modulus is expected, 
while it is seen that the bulk moduUi of these glasses have decreased (figure 5). 

In Ge-Sb-S and .Ge-Sb-Se systems (Hayes et al 1974; Hilton and Hayes 1975; Sudha 
Mahadevan et al 1983) the Poisson’s ratio (o') increases with increasing chalcogen 
content. As o* denotes the ratio of transverse to longitudinal strains which arise from a 
single tensile stress, its increase with increasing chalcogen content has been attributed 
to a change in glass structure from an essentially network to a chain-like form (Hilton 
and Hayes 1975). However, in the As^b^ 5 Se 85 glasses studied presently, a exhibits a 
maximum for the stoichiometric composition and there is a decrease of a for the Se-rich 
glasses in contrast to the expected increase. 

The chemically-ordered network model (conm) wherein the maxi m um number of 



200 

E 

(k bars) 
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Figure 5. Variation of elastic modulii and mean atomic volume with composition for 
AsJSbiiScgs-x glasses. 
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Abstract. The d.c. electrical conductivity of Na 20 -Zn 0 -B 203 glass system has been 
measured as a function of temperature in the range of350-600“K. The conductivity data show 
that the activation energy of Na'*’ ions is dependent on ZnO concentratioa The results have 
been discussed in the light of the cluster model of glasses. 

Keywords. Na 20 -Zn 0 *B 203 glass; electrical conductivity; density; activation energy. 


1. Introduction 

It is well known that glasses containing alkali ions are essentially solid cationic 
electrolytes, the current being carried by relatively mobile alkali ions. The motion of 
alkali ions in glasses is important, not only because of its relation to electrical 
conductivity, but also to chemical durability and to ion exchange kinetics. Similar work 
has been earlier reported on binary silicate and binary borate glasses. Some studies on 
borate glasses containing two different alkali oxides and alkali-alkaline earth oxides 
have also been reported (Israd 1969; Erzukyan 1969; Day 1976; Sakka et al 1979; 
Mutusita et al 1980), In the present work we report the dx. electrical conductivity of 
sodium borate glasses with different concentrations of ZnO. The behaviour 
of activation energy of Na'*' ions has been discussed on the basis of the cluster 
model of glasses (Rao and Rao 1982). 

2. Experimental 

Analytical grade chemicals were used to prepare glasses corresponding to their glass¬ 
forming region (Rawson 1967). Appropriate quantities of boric acid (H3BO3), sodium 
carbonate (N2L2C0^) and zinc oxide (ZnO) were taken and melted in a crucible at 
1100°C for about 2 hr. The melt was then poured on a brass-block and it was quickly 
pressed with a polished copper-block. The glasses formed were annealed at about 
400°C for 2 hr. X-ray studies showed that the glasses were amorphous. Samples of 
dimensions 20 x 20 x 2 mm) suitable for the measurement of electrical conductivity 
were prepared by grinding and polishing (using rough powder) the two flat surfaces. 
Silver paint was applied to these flat surfaces to serve as electrodes. 

Measurements were made with glasses of the compositions listed in table 1. To 
measure the resistance of the samples, a special sample holder was designed following 
Mahadevan et al (1977). The resistance of the samples was determined by measuring the 
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Figure 1. Variation of d.c, conductivity with temperature. 



Figure 2. Variation of activation energy with concentration of ZnO, 

into cross-linking positions increases the cohesion and density, thereby increasing the 
activation barrier for migration of Na'*’ ions. In samples with 10 mol% ZnO and 
15 mol % ZnO there appears to be two regions of conductivity (figure 1) characterized 
by two values of activation energy (Eg). This possibly indicates the presence of two 
distinct regions which act as precursors to phase separations. We feel that the two 
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Photon, electron and ion beam indnced physical and optical 
densification in chalcogenide films 
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Abstract. Irradiation of 80° deposited Se-Ge films with band gap photons, 8 keV electrons 
and SO keV He'*' ions produces, primarily irreversible red shift of the absorption edge and 
major changes in doping and electrochemical adsorption processes. These changes have been 
attributed predominantly to the radiation-induced thickness and hence volume contraction 
resulting due to the physical collapse of the low density columnar microstructure of the 
obliquely deposited films. The far IR and Urbach tail studies reveal an enhanced strength of 
electron-phonon coupling, in obliquely deposited films having a very porous columnar 
microstructure, compared to normally deposited films. It has been shown that this enhanced 
electron phonon coupling is conducive to large thickness contraction and associated changes. 
These ch^ges have b^n used in reprographic and lithographic applications. A correlation has 
been established between the thickness contraction and li^ographic parameters. The 
possibility of generating both positive and negative relief patterns on the same film by 
controlling the etching time has been demonstrated. 

Keywords. Chalcogenide films; optical densification. 


1. Introdnction 

Thin films of amorphous Se-Ge have been shown to behave as inorganic resists for 
visible, uv and deep uv light as well as electron beam and ion beam exposures and 
possess many advantages over the conventional organic resists currently in use 
(Yoshikawa et al 1976, 1977, 1980; Tai et al 1979; Balasubramanyam et al 1981; 
Venkatesan 1981). Using the light, electron beam or ion beam induced doping, or the 
darkening effects, both negative and positive type resists can be realized. Extensive 
studies carried out in our laboratory have shown that very large thickness and hence 
volume contraction (physical densification) takes place in 86750625 films deposited at 
80*^ incidence and exposed to photons, electrons or ions (Singh et al 1979, 1980a; 
Chopra et al 1981,1982). The thickness contraction results in a much larger darkening 
in these films, compared to that obtained on exposure of films deposited at normal 
incidence. Thickness contraction occurs also when 86750625 fihns overcoated with a 
very thin (100-200 A) layer of a metal, such as Ag, are irradiated. This affects the doping 
of Ag into the chalcogenide film. Both the positive and negative resist behaviour of the 
obliquely deposited films are expected to be different from that of the normal incidence 
films and to be correlated with the thickness contraction resulting in these films on 
irradiation. In the present study, we have examined this correlation and utilized it to (a) 
yield a better lithographic sensitivity and contrast, both for the negative and positive 
resist behaviour, and (b) obtain both positive and negative resist characteristics in the 
same film. 
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comparison of the incident energy reveals that ions are more effective in bringing about 
contraction followed by electrons and then photons. It may be pointed out that 
calculations of projected range and range straggling for He'^ ions in Se^ 5 Ge 2 s film 
show that there is no ion implantation in the film since the film thickness is smaller than 
the projected range. 

The as-deposited Se-Ge films dissolve readily in an alkaline solution. The solubility is 
increased on irradiation. For 86730625 films deposited at normal incidence, the 
increase in the solubility is rather small and hence not a very useful effect. The large 
thickness contraction occurring in 80"" films leads to large microstructural changes 
which in turn increases the solubility difference between the irradiated (contracted) and 
unirradiated regions (Singh et al 1980b). The dissolution rates can be obtained from 
figure 2 which shows the normalized remaining thickness vs normalized etching time 
(Le. the time taken to remove a certain thickness of an irradiated or a virgin film divided 
by the total time taken for the complete removal of the irradiated or the virgin film) for 
an as-deposited and irradiated (with ions, electrons and photons) 86730025 film. Two 
kinds of etching selectivity are obtained as a function of the etching time. In the initial 
stages of etching, the unexposed regions etch faster than the exposed regions, i.e., a 
negative resist behaviour is obtained even without the use of an overlayer metal. The 
etching behaviour changes to a positive resist type (exposed portion dissolving faster 
than the unexposed portion) after a certain etching time which is higher for photons 
and comparatively much lower for electrons and ions. If the etching is stopped when the 
exposed or irradiated portion has been completely etched off, the fractional final 
thickness remaining in the unirradiated or unexposed portion is about 88 % for the ion 
irradiated, 78% for electron irradiated and 33% for photon irradiated films. A 
comparison of this data with that reported by earlier workers reveals that a much 
higher remaining thickness is obtained by us (Yoshikawa et al 1976,1977; Tai et al 1979; 



Fieare 2. Normalized remaining thickness os normalized etching time for a virgin and 
irradiated (with ions, electrons and photons) 80®-86730025 films. 
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Table 1. Lithographic parameters (sensitivity, S, and contrast, y) for diiTerent radiations for 
80 ®-Se 73 Ge 25 films. 


Radiation 

As-positive resist 

As-ncgative resist 

S 

y 

S 

Y 

He'*’ ions 

~l-2xlO-'*C/cm> 

4-5 

~l- 6 xlO-’C/cm^ 

8'3 

Electrons 

^gxlO-^C/cm^ 

4 

X 10 "*C/cm^ 

7*6 

Band gap 
photons 

10 ^° photons/cm^ 

1-7 

photons/cm^ 

3*5 



Figare 4. Thickness contraction as a function of ion dosage for: a. as-deposited, b. as- 1 

deposited with an overlayer of electrochemically adsorbed Ag, c. as-deposited with an ' 

overlayer of evaporated Ag, d. as-deposited with an overlayer of electrochemically adsorbed 
Cu, and e. as-deposited with an overlayer of evaporated Cu. 

Our studies show that the thickness contraction plays an important role in the 
negative resist action in the obliquely dep)osited films. Figure 4 shows the thickness 
contraction as a function of ion dosage for: (a) as-deposited, (b) as-deposited with an 
overlayer of electrochemically adsorbed Ag, (c) as-deposited with an overlayer of 
evaporated Ag, (d) as-deposited with an overlayer of electrochemically adsorbed Cu. 
and (e) as-deposited with an overlayer of evaporated Cu. It is noteworthy that the 
thickness contraction is larger in a film having an overlayer of a metal than in one _ 

without an overlayer. The improved negative resist characteristics in obliquely • 

deposited fihns is therefore a direct consequence of enhanced thickness contraction. 
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Oxidation of thin films of tin at room temperature in hydrogen 
sulphide atmosphere 
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Abstract. The oxidation of thin films of tin at room temperature in an atmosphere 
containing 10 % H^S and 90 % air has been studied by measuring the changes in resistance of 
thin films. Morphological studies have also been carried out using optical and scanning 
electron microscopes. Reaction kinetics change from logarithmic law at ordinary atmospheres 
to a power law in the presence of H 2 S. The basis of formation of sulphide along with the oxide 
is explained, the former growing on a lower layer and the latter on an upper layer. 

Keywords. Oxidation; tin; hydrogen sulphide; thin films; resistance change. 


1. Introduction 

Hydfogen sulphide is a naturally occurring gas forming part of the sulphur-cycle 
(Minster 1963). Owing to its highly corrosive nature, H 2 S testing on metals and alloys is 
of industrial importance. Tin is a metal of widespread use in external atmosphere 
mainly as a sacrificial coating on metals. Extensive studies on the oxidation of tin have 
been carried out by Boggs and coworkers (Boggs et al 1961a, b, 1963, 1964a; Boggs 
1961c, 1964b). Chan due Thiep et al 1977a. b employed the selective Mossbauer 
spectroscopy method to study the oxidation mechanism of thin films of tin deposited 
on glass. The formation of sulphur containing mixed films on tin was discussed by Gabe 
(1977). The present paper contains investigations about the effect of H 2 S on the 
oxidation of thin films of tin at constant relative humidities ( » 85 %) and at room 
temperature (« 303 K). 


2. Experimental 

The oxidation rate was followed by measuring the rate of increase of resistance of thin 
films (900 A) of tin (99-999%) which had been evaporated on to opti^y plane glass 
substrates at room temperature. Thick electrode films of tin were previously deposited 
at the ends of the glass substrates, which were cleaned by chemical and ion- 
bombardment methods. All evaporations were carried out in a conventional vacuum 
line at pressures greater than 10'® torr. The films and electrodes were evaporated from 
a molybdenum boat. 

After measuring the resistances, the films coated in the same pump-down were 
quickly transferred to an enclosed glass chamber (Muneera et al 1983) evacuated 
to a pressure of 10“* Torr. The required amount of air was then admitted into 
the chamber followed by 10 % by volume of dry HjS stored in a reservoir. The rela¬ 
tive humidity inside the chamber was assessed using a dry and wet thermometer 
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Figures 4-5. sem of the rosette-shaped dendrite in which the Lower sulphide layer 4. also 
grows into branches following the upper oxide dendrites and 5. forms a circular bed for the 
radiating oxide dendrites. 


outward migration of cations. From sem and optical microscopic studies, it can be 
. concluded that at sites where SnO grows into ‘radially symmetric dendrites’, the 
/ sulphide forms a layer beneath the oxide layer (figures 3-5). The oxide and sulphide 
' j' together forms ‘wheel-shaped’ (figure 3) or ‘rosette shaped’ (figures 4-5) dendrites at 
■; these sites. Even at other sites where SnO forms comparatively smalleit.growth centres 
\ ' the powdery or fine-grain like SnS is observed on a lower layer (figures 2, 6). Therefore 
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Figure 8. Later growth stage of a 
pattern similar to that shown in 
agure 7 (x500). 



Figure 9. Wheel-shaped growth centre observed on a film kept in normal atmosphere 
(X 1440). 
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optical microscope, figure 4 appears as shown in figure 7. The distinction between oxide 
and sulphide layer is less clear in figure 7. At the boundary of the growth centre, the 
oxide and sulphide together form ‘podia’-like extensions (figures 7, 8). The tips of the 
branches seem to have thickened. With further oxidation, the area between podia-like 
extensions get filled up gradually (figure 8). 


4* Conclusion 

With the presence of 10 % H 2 S, the rate equation changes from a logarithmic law to a 
power law, indicating an increase in oxidation rate. This is explained on the basis of 
formation of sulphide along with the oxide, the former growing on a lower layer and the 
latter on the upper layer. The oxide and sulphide together forms ‘wheel-shaped* or 
‘rosette-shaped’ dendrites at the edges of the film. 
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Abstract. The sheet resistivity of tin dioxide films deposited by electron-beam evaporation 
has b^n studied during annealing, both as a function of time and temperature. The annealing 
^haviour of SnO^ films under the above two different conditions is consistent. A qualitative 
interpretation has been given for the decrease and the minimum observed in the resistivity. The 
increase in resistivity has been confirmed by scanning-electron micrographs. The films were 
also characterized by x-ray diffractometry. 

Keywords. Tin dioxide films; electron beam evaporation; annealing behaviour; sheet 
resistivity. 

1. Introduction 

Thin transparent conducting films of Sn 02 , because of their wide application in solar 
cells, have currently become a subject of intense investigation. The SnOj film is a 
transparent conductor which is sometimes known as Nesa glass (Ishiguro et al 1958). 
The optical and electrical properties of Sn 02 films were studied by Arai (1960) who 
found them to be polycrystalline n-type degenerate semiconductor with a free carrier 
density of 7 x 10^®-l-7 x 10^® cm“^ and an energy band gap of about 3*5 eV. The 
change in the conductivity of the material (Sn 02 ) in thin films as compared to that in 
bulk arises due to anion oxygen defects. 

It is known (Raccanelli and Madalena 1976; Viscrian and Georgescu 1969; Shanthiet 
al 1980) that post-annealing treatment of Sn 02 films can result in change, of electrical 
properties. It has recently been reported (Ghosh ef al 1978; Nagatoma et al 1979) that 
the aimealing of Sn 02 films plays an important role in the improvement of the 
performance characteristics of SnOj/Si solar cells. It has been found that on annealing 
the resistivity of pure SnOj single crystals reduces and that of the Sn 02 deposited 

by hydrolysis of an ether-alcohol solution of Sn ( 003115 ) 4 . first decreases and then 
increases drastically on annealing at temperatures higher than 500°K (Jarzebeski 1976). 
But no satisfactory explanation is available for the phenomenon. 

As far as the authors are aware, investigations on the annealing behaviour of electron 
beam deposited Sn 02 film, which are important in solar cells, have not been reported. 
The present work was therefore undertaken. 

2. Experimental 

2.1 Sample preparation 

Sn 02 films were prepared by electron-beam evaporation at a pressure ^ 10 “^ torr. 
Undoped Sn 02 (99*90%) was evaporated by an electron-beam gun onto chemically 
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Temperature (°K )' 


Figure 4. Sheet resistivity us temperature for Sn02 film deposited on a glass substrate. 
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Abstract, The temperature dependence of microhardness of mixed KCl-KBr crystals has 
been studied using the Kataoka and Yamada theory which considers plastic deformation and 
internal stress field due to elastic interactions in mixed crystals. The microbardness showed 
systematic variation with temperature in both the components and the mixed crystals and the 
probable reasons for this variation are indicated. 

Keywords. Mixed crystals; microhardncss; temperature dependence; Kataoka-Yamada 
theory. 


1. Introduction 

In recent years, considerable attention has been paid to the study of mixed crystal 
properties as they are useful in many technological applications {e.g. mixed crystals of 
alkali halides are used for laser windows). One well-known property is microhardness, 
which for mixed crystals always exceeds its value for the component crystals 
(Armington et al 1973; Hari Babu et al 1975). A number of theories (Gilman 1973, 
Shukla and Bansigir 1976; Boser 1972; Ridhagani and Asimow 1968) have been 
proposed to explain this extra hardness of mixed crystals. Earlier theories of Gilman 
(1973) and Shukla and Bansigir (1976) could not explain the microhardness of mixed 
crystals as indicated by Bhimshankaran (1974), and Srivastava (1980). Kataoka and 
Yamada (1977) have given a theory according to which the random distribution of 
doped ions can produce an internal stress field interaction that increases the 
microhardness of the mixed crystals. This theory has been applied to mixed alkali 
halides (Srivastava 1980) and mixed silver halides (Sanyal and Singh 1982). 

Motivated by the success of the theory of Kataoka and Yamada theory, we have 
applied it to study the temperature dependence of microhardncss of KCl JBr system 
from 300-1000 K. It is known (Subba Rao and Hari Babu 1978) that the excess of 
microhardncss in mixed crystals results from the increased value of dislocation density. 
However, this dislocation density in mixed crystals decreases with increase in 
temperature. Thus, it seems worthwhile to investigate the exact nature of change of 
microhardncss with temperature in mixed crystals. Srivastava (1980) used the Kata^a- 
Yamada theory to explain the microhardness of KCljcBri_xj measured by Subba Rao 
and Hari Babu (1978) at 300 K only. In doing so, he used the measured microhartoess 
values of KCl, KBr and KClo. 48 Bro .52 as the input data. Thus, the predictions made by 
Srivastava are more or less borne out. In the present analysis, however, the results ol 
microhardness of KGlo. 48 Bro .52 have only been used at 300 K to dete^e a 
parameter. The values of microhardness of component crystals (KCl and KBr) nave 
been obtained in terms of Debye temperatures (Bollmann 1980). 
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Subramaniam (1979). Their values for KCl and KBr at different temperatures are listed 
in table 1 and are compared with their measured data at 300 K (Bollman 1980; Subba 
Rao and Hari Babu 1978). The microhardness (ff J values for the mixed crystals at 
different temperatures have been calculated from (8) using the required values of elastic 
constants reported by Subramaniam (1978). The variations of microhardness with 
temperature for the component crystals and mixed KCl-KBr are presented in figure 1 
and those with mole percentage of KBr are presented in figure 2. 


Table 1. Microhardness (HJ of KCl and KBr at diflerent temperatures. 


Temper¬ 

ature 

(K) 

(kg/mm^) 

KQ 

KBr 

300 

10-306 

8-468 


9-9" 

7-9‘ 

400 

9-464 

8-231 

500 

8-906 

7-785 

600 

8-317 

7-329 

700 

7-706 

6-847 

800 

7-020 

6-331 

900 

6-236 

5-784 

1000 

5-293 

5-133 


^ Bolmann (1980); Subba Rao and Hari Babu (1978). 



Flgve 1. Variation of microhard¬ 
ness of system with 

temperature. Experimental points 
(o) at 300 K have been taken from 
Subba Rao and Hari Babu (1978). 
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Abstract. The glide dislocation-precipitate interaction in under-aged alloy is investigated by 
microscopy and low-temperature deformation techniques. Slip-line features of room tempera¬ 
ture deformed samples were observed by optical microscopy. From tensile tests at various 
temperatures the variation of flow stress with was established. Comparing the present 
results with those obtained on the peak-hardened condition of the same alloy it is concluded 
that moving dislocation shear through the small rod-shaped germanium precipitates. 

Keywords. Under^ged; dislocation-precipitate interaction; slip lines; flow stress. 


1, Introduction 

The interaction between glide dislocations and precipitate particles has been studied in 
detail in many age-hardenable alloy systems (Nicholson and Nutting 1961, Kelly 1963, 
Lutzering and Weissman 1970; Raynor and SUcock 1970; Nourbakhsh and Nutting 
1980). From mechanical property studies coupled with microscopy, it is possible to 
arrive at the likely interaction between moving dislocations and prrapitate particles. 
While efforts are not wanting in understanding the dislocation precipitate interaction m 
peak-aged and over-aged states, the partially-aged condition has received hardly any 
attention. The purpose of the present work is to study the dislocation-preapitate 
interaction in under-aged aluminium-2 % germanium alloy using microscopy an 
mechanical deformation techniques. 


2. Experimental 

Weighed quantities of super-pure aluminium and germanium ^re melted together m 
an a^on atmosphere in a resistance furnace and cast in a graphite- i^d metal moidd. 

The Gecontentwasl-98%by weight. The cast ingotwashghtlyworkrf by 

before annealing at 400“C for 48 hr. The homogenised rod was reduced to a 1 mm thick 

strip by cold-rolling coupled with intermediate annealing treatment. Tensile and 

hardness samples were cut ftom the tolled strip 

polishing. They were solutionised at 450 C for 2 hr an quen 

Sxture main4ied close to 0“C. Thermostatically^ontrolled paraffin 

maintained at 165°C, was used for ageing the samples. 

time was determined using a Vicker’s unit. From such 

the peak-hardened condition. In the present experiment as the peak hardness occurr 
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Figure 2. Electron micrograph of partially-aged sample showing small and dense rod¬ 
shaped precipitates {T^ = 450°C, = 165“C, = 18 hr). 


solution (Greelham and Honeycombe 1960-61; Silcx)ck 1960; Thomas and Nutting 
1956-57, 1957-58). Wavy, fragmented slip lines are seen when incoherent, large 
nondeforming particles are encountered during the movement of glide dislocations 
(Wilcox and Gilbert 1967; Grekham and Honeycombe 1960-61; Price and Kelly 1962). 
Starke et al (1973) have shown that small germanium clusters can be sheared. As the slip 
traces in partially-aged condition used in this work are similarHo-those obtained on 
peak-hardened condition (Kishore and Vasu 1978*) and the longer and somewhat 
widely spaced rods of peak-aged state have been shown to be sheared by moving 
dislocation using tem (Kishore et al 1976), it may be inferred that in the present under¬ 
aged condition also the precipitate particles are cut through by the glide dislocations. 
Further evidence to this deduction comes from an examination of relation 

following the report of Chun and Byrne (1969). They examined the strengthening in a 
Mg-5% Zn alloy by determining the temperature dependence of crss for the as 
quenched, fully-hardened and overaged conditions. The shearing of the precipitates in 
the peak aged state, and the linear variation of flow stress, x with were noticed by 
them. Lipsitt (1971) also showed that yield strength in the Al-Zn alloy varies linearly 
with In figure 5 are plotted the data showing variation of flow stress with for 

the under-aged Al-Ge alloy. For the sake of comparison the results obtained in the peak- 
aged state are also included. It is noteworthy that the points lie on a straight line in both 
the cases suggesting the existence of similar interaction between the glide dislocations 
and the precipitate particles. Hence, it may be inferred that as in the peak-hardened 
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Fignre 5. Flow strcss'(temperature)^^^ relation for (a), under-aged (b). peak-aged conditions 
(£ =9-8xl0-‘ sec-‘). 


State, in the under-aged state too, the dislocations penetrate the germanium 
precipitates. 

In view of the similarity of behaviour of flow stress variation with temperature as well 
as nature of slip traces in the under-aged condition with peak-aged alloy reported 
earlier (Kishore and Vasu 1978) it can be said that in the partiaUy-aged condition also 
the Ge precipitates are sheared by the glide dislocations. 


4. Conclusions 

Partially-aged alloy exhibit straight slip traces. The flow stress of the dilute alloy varies 
linearly with 7^^^ and the moving dislocations cut through the germanium precipitates. 
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Abstract. A simple computer program is described to evaluate magnetic field distributions 
from complex Mossbauer spectra of magnetic alloys. The use of this program for test cases of 
Vitrovac 4040 amorphous sample and a simulated spectrum of two gaussian peaks is discussed. 

Keywords. Mossbauer spectra; metallic glasses; magnetic hyperfine field distributions. 


1. Introduction 

The Mossbauer spectra for disordered magnetic alloys and metallic glasses are 
generally complex because of the overlap of the component lines due to a wide variety 
of environments in which the Mossbauer atom is situated. In some cases when the 
overlap is not too large the average hyperfine field can still be evaluated if the field is 
distributed around an average value (Bansal et al 1975). In other cases when the 
broadening is large this may not be possible. When two or more types of magnetic 
behaviour are present i.e, magnetic splitting due to magnetically ordered regions and a 
single line due to a paramagnetic contributions it is again very difficult to extract useful 
information from Mossbauer spectra (Bansal and Chandra 1979). 

Several methods have been proposed to obtain the distribution of magnetic fields 
which generate the complex spectra (Window 1971; Hesse and Riibartsch 1974; Logan 
and Sun 1976) and improvements on them also given (LaGaer and Dubois 1979; Wivel 
and Morup 1981). 


2. Window’s method 

Amongst these, the method due to Window is a model-independent field distribution 
analysis which assumes an arbitrary probability distribution of the magnetic hyperfine 
fields P{H) and expands it in a Fourier series of trignometric functions. 

P{H)= i a,{cos(nnH/H^)-cosnnl (D 

n — l 

The field distribution in this form satisfies the boundary conditions; (i) P{—H) 
= PiH), since in the absence of an external field the lines produced due to a field H are 
in the same positions as those produced by a field — H. The series therefore contains 
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3. Procedure 


We get N simultaneous equations which are linear in if we differentiate ^ in (4), with 
respect to a„’s and set them equal to zero. 


Differentiating once again w.r.t a„ 
1 d^<l> 


2da„da^ 


= SS»S.(r) = X™(say). 


Substituting (7) in (6) and setting 8<l>lda^ = 0 


( 6 ) 

(7) 


m V 

There are n such equations for n = 1,2- N. 

Defining the matrices 

= [zs-.(«)s«(t>)]. 

we get the matrix equation 
aX = p. 

This can be solved to get the matrix of the coefficients a. 


a = X-^p. 

A simple computer program can be written to set up the matricra X and 

inverse of X and then calculating a. These coefficients can then be used to generate the 


field distribution P{H). 


4, Examples of use 

A test wage of the program is illustrated in hgurea 1 and 1 Inhguie 1, spoarum A »the 
Mossbaiir spectrum simulated for two Gaussim. field, of e qual mleasilr w m 

A'. The mtensl^ mhos of •>>' 

3:2:1:1 ;2:3 and the isomer shift fixed at zero, using o ahn„p 

expansion of P (if) the field distribution obtained usmg the er 

“‘RgTi'lS^CToSl“oSSTmTS: 

(Vitrovac 4040 from Vacuumschmelze GMBH, Hanau, uermau/; s 
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Figure 2. The experimental Mossbaucr spectrum for Vitrovac 4040 sample (+) and fitted 
spectrum (•) for the field distribution in BZ The field distributions for various values of x 
(intensity ratio of 2nd and Sth lines relative to 3rd and 4th lines) are shown as B1 (x = 2), B2 {x 
= 2-5), B3(x = 3), B4(x = 3*5), B5(x = 4). 


S. CoaclusioDs 

The program described above is simple to write and can be simply modified to analyse 
spectra which have a paramagnetic single line in addition to distributions at higher 
velocities or for situations in which the baseline is parabolic. A listing of the program is 
available with us and has about 175 statements in Fortran IV. 

Acknowledgement 

The author is grateful to Dr R G Pillay of the tifr, Bombay, for help in writing the 
program and testing it. 




Bull. Mater. Sd., Vol. 6, No. 6, December 1984, pp. 1053-1057. © Printed in India. 


Spin wave relaxation processes in polycrystalline yttrium iron garnets 
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Abstract. The wavevector and temperature dependence of the spinwave linewidth in yttrium 
iron garnets has been studied for polycrystalline samples of average grain diameter 12-8 fjin 
and has been compared with the calculated relaxation times of basic three-magnon confluence 
and four-magnon scattering processes. 
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1. Introduction 

The nature of the intrinsic relaxation processes which determine the dissipative 
characteristics of magnetically ordered materials is well understood for the crystalline 
state (Gurevich and Anisimov 1975). The uniform precession mode which is created in 
the parallel pumping experiment loses its energy into the degenerate magnon modes. 
The small wavevector (fc) magnons thus generated relax by the three-magnon 
confluence process (3c) while the larger k magnons, 4 x 10* < fc < 9 x 10^ cm” S attain 
equilibrium via scattering involving four magnons (4 sc). The splitting process requiring 
magnons of high frequencies is therefore restricted to k> lO^cm”^. The observed 
temperature and k dependences of these processes have been established to be in accord 
with the theoretical results (Sparks 1967; Vaks et al 1968; Gurevich and Anisimov 1975). 
Such an understanding is lacking for the polycrystalline materials. Vrehan’s (1966) 
transit time model has been used successfully by Patton (1970) and Scotter (1972) to 
explain the observed relaxation time for the fc -► 0 limit in large grains but the model 
fails for finite k and small grain samples. An empirical relation based on the predictions 
of transit time model for the wavevector dependence of the spin-wave linewidth, obeyed 
by samples of grain size 1-12 fim has been arrived at by Prakash and Srivastava (1980). 
However no attempt appears to have been made to correlate such measurements with 
the fundamental processes involving the magnons. We have measured the spin-wave 
linewidths of polycrystalline yig as functions of the wavevector and temperature for 
samples of various grain sizes and analysed them in terms of the basic scattering 
processes of the magnons. 


2. Experimental 

Polycrystalline yig samples (densities > 99 % average grain diameter 0*9—12‘8 /un) were 
prepared using the normal sintering and hot pressing techniques. 

A high power microwave bench giving pulses of 4 /4sec duration, 80 kW peak power 
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The striking feature of these curves is the nonlinear dependence of AH,^ on k for all 
temperatures. This is in contrast to the hnear dependence reported earlier (Patton 1970; 
Prakash and Srivastava 1980) and is attributed to the rather large range of k used in the 
present graphs. Over the limited range of 1-5 x 10* < fc < 3 x 10* cm“ ‘ used in earlier 
studies, the present data also shows an almost linear dependence of A/f on k. A similar 
linear dependence was also observed by White et al (1979) between 88 and 368 K. Their 
most dense sample appears to have lesser AnM, and therefore more porosity than ours. 
Pores could be the dominant scattering centres (Scotter 1972). 

The initial portion of each curve however appears to be a straight line up to a certain 
value of the wavevector after which the nonUnearities begin. appears to 
decrease with increasing temperature. This initial portion of each graph was fitted to the 
equation, 

AJfi = A/ft^.(r) + a(r)fc. (1) 

After substracting Ai/'j from the observed AH* for k > the difference Aff^ — 
was fitted to 

AH^-AH'^ = b(r)k^, (2) 

for each temperature. The observed variations of ofT) and b(r) with temperature are 
shown in figure 2. Also shown in this figure is the number of thermal magnons excited 
n(r) which is linear with T as the energy of these magnons 

•fiwi yHo + Dk^ » yHo » l,k^<^ kfT. 

The increase in fl(T) and bfj') with temperature can be attributed to the larger number 
of magnons present at higher temperatures. Two processes viz the three-magnon 
confluence and the four-magnon scattering brought on by the dipolar forces, show 
respectively a linear and a quadratic dependence on both k and T. Their respective 
contributions to AH^ for single crystals are 


(AH*)3c = ^^^7’fe = C3cn, 

(3) 

(Ain ^ An*'"‘Y/c" 

(A^*)^'"3jr y (47i MD^yk^Tj ^ 

(4) 


These expressions are valid for magnons with predominant Zeeman energy 
{Dk^ <yHo) and at high temperatures, {hoj^ kpT). As mentioned above both these 
conditions are valid here. 

We notice from figure 2 that the coefficients afT) and b(r) are roughly linearly and 
quadratically proportional to T suggesting that (1) and (2) could be representing the 3c 
and 4sc processes and consequently the proportionalities. 

a(r)ocC3„ 
and b(r) oc C^. 

However (3) and (4) which are valid for single crystals cannot be used directly here for 
polyciystalline materials as their contributions to Aff* are an order of magnitude 
s malle r than the experimentally observed values at all temperatures. Thus for 
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Figure 3. Temperature dependence of the spin-wave linewidth for k~^0. Note the 
deviations from linearity at the lower temperatures. 


scattering should be more intense in smaller grain samples where there are more 
boundaries which is in qualitative agreement with the previous observations of Prakash 
and Srivastava (1980). The details of this mechanism are being investigated. 
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Abstract. Mossbauer measurements have been performed on a number of metallic glasses. 
The temperature dependence of average hyperfine or internal magnetic field H^{T) arises 
from long wavelength spin wave excitations in these glasses. Values of B^f 2 and C 5 y 2 ^ 
general much higher than those observed for crystalline ferromagnets indicating higher 
density of states for spin waves in amorphous ferromagnets. 
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metallic glasses; temperature dependence. 


1. Introduction 

Amorphous metallic alloys, prepared by rapid quenching of molten alloys, have 
become an important class of materials from theoretical as well as practical points of 
view in recent years. There have been extensive studies of magnetic and electrical 
properties of iron-rich metallic glasses in the past decade. Study of magnetic 
phenomena in these glasses presents a fascinating field for theorists and experimental¬ 
ists as magnetism is a structure sensitive property, and therefore, it is expected to be 
affected in amorphous sohds. In this paper we discuss the temperature dependence of 
hyperfine magnetic field of iron-rich metallic glasses as measured by the ^"^Fe 
Mossbauer spectroscopy. Results are interpreted in terms of excitations of long 
wavelength spin waves. 


2. Experimental 

Mossbauer spectra of a number of commercially available metallic glasses 
(Fe 8 iB 13 . 5 Si 3 . 5 C 2 . Fe78Bi3Si9, Fe 79 Bi 6 Si 5 . Fe 4 oNi 4 oB 2 o and Fe 67 CoiBBi 4 Sii) were 
recorded in the temperature range 77-900 K using an Elscint spectrometer coupled 
with a 256 channel MCA. The spectrometer was used in the constant acceleration mode 
and the source was ^^Co in rhodium matrix. The Curie temperatures of 
Fe 8 iB 13 . 5 Si 3 . 5 C 2 , Fe78Bi3Si9, Fc 4 oNi 4 oB 2 o and Fe 79 Bi 6 Si 5 were determined by the 
constant Doppler velocity thermal-scan method (Bhanu Prasad et al 1983), while that 
of Fe 67 C 0 i 8 Bi 4 Sii was estimated by plotting hyperfine magnetic field, HcfffT) 
temperature since the Curie temperature, in this case was larger than the 
crystallization temperature (Bhanu Prasad et al 1980). H^^{T) values were determined 
by fitting each spectrum to the Lorentzian line-shape sextet pattern. The spectrometer 
was calibrated using a thin iron foil. 
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propagation in glasses. This is so because the long wavelength modes are not sensitive 
to the local order or disorder. In particular Herring and Kittel (1951) have shown that 
long wavelength spin waves can exist even in a ferromagnetic continuum medium. 

Average hyperfine magnetic fields of various metallic glasses were determined as 
explained in §2. A plot of [HeffCT) -Heff(0)]/ifefr(0) vs for various metallic 

glasses is shown in figure 1. A computer least square fit of (7) and ( 8 ) to experimental 
data yields values of B, C, B 3/2 and C 5/2 which are given in table 1. For sake of 
comparison, the values of these constants for crystalline Fe and Ni, and glassy 
Fe 4 oNi 4 oPi 4 B 6 , Fe 8 oB 2 o and Fe 82 Bi 2 Si 6 are also listed in the table. It is observed that 
B 3/2 values range from 0-2-O-4 and are much larger than the values for crystalline Fe 
and Ni. Also dependence of relative change in H^{T) extends to much higher 
temperatures than observed for crystalline ferromagnets. plusT^^^ dependence, as 
given by (7) and ( 8 ), can be fitted to experimental data over a large temperature interval. 
Values of B (B 3 12 ) and C (C 5 12 ) depend upon the temperature interval used to fit the data 
(Bhatnagar et al 1982; Saegusa and Morrish 1982). If data is fitted over a large 
temperature interval then it has the effect of reducing the B{B^f 2 ) value and increasing 
the C{Csi 2 ) value which is expected. It has also been observed that B and C values 
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Figure 1. Plot of [Heir(r)-//o(i-(0)]/i/en-(0) vs for various iron-rich metallic 

glasses. 


Table 1. Sample compositions. Curie temperature T^, coefficients B, C, and Cj /2 
amorphous ferromagnets and crystalline Fe and Ni._ 


System 

7;(K) 



Bill 

^512 

Reference 

FegoB 2 o 

685 

22 

1-2 

0-40 

0-17 

Chien (1978) 

Fe4oFli4oB2o 

695 

22 

0-4 

0*40 

0-06 

Present work 

Fe4oNi4oPi4B6 

537 

38 

1*2 

0-47 

0-08 

Chien and Hasegawa (1977) 

Fe7gB|3Si9 

733 

10 

■2-4 

0-21 

0-35 

Present work 

FC79Bi6Si5 

730 

11 

2'3 

0-22 

0-33 

Present work 

FeB 2 Bi 2 Sifi 

658 

— 

— 

0*34 

0-21 

Ok and Morrish (1980) 

Fe 8 iB 13 . 5 Si 3 . 5 C 2 

698 

16 

2-1 

0-30 

0-27 

Present work 

Fea 1 B 13 . 5 Si 3 . 5 C 2 

668 

— 

— 

0.30 

0.29 

Saegusa and Morrish (1982) 

Crystalline Fe 

1042 

3-4 

0-1 

0-114 

0-04 

Chien and Hasegawa (1977) 

Crystalline Ni 

637 

7-5 

1-5 

0-117 

0-15 

Chien and Hasegawa (1977) 


M—21 






BuU. Mater. Sci., Vol. 6, No. 6, December 1984, pp. 1063-1067. © Printed in India. 


Infrared absorption in spinel ferrites 
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Abstract. The IR spectra of a number of ferrites, MFe 204 , M(Mn, Fe, Co, Ni, Cu and Zn) 
have been studied at room temperature in the range 200-1000 cm" ^ In all the cases the 
spectrum consists of four bands, two of which have strong absorption while the other two have 
weak absorption and often appear as shoulders on the main band. However up to 20 % of the 
inverse ferrite, the shoulder in the low energy side appears as a band. In this paper we have 
analysed the origin of the above bands. 

Keywords. IR spectrum; ferrites; centre frequency; force constants. 


1. Introdacdon 


Infrared spectrum of ferrites has been studied by Waldron (1955). The effect of a Jahn- 
Teller ion on the lattice vibrational frequencies of nickel ferrite has also been studied by 
Srivastava and Srinivasan (1982). Waldron has assumed that the 14 atoms in the 
primitive unit cell of a spinel lattice can be divided into two MO 4 groups and one Fe 4 
group of tetrahedral symmetry. This allows the classification of the vibrations into the 
point group The conclusions reached by him are not very satisfactory. For example, 
the force constants for the t-o bond for the normal ferrite ZnFe 204 and MnFe 204 
are substantially smaller than that for the inverse spinels like Co, Fe and Ni ferrites. The 
normal ferrites are formed due to the strong tetrahedral site preference of the divalent 
ions like Zn^ ■*■. As the size of the Zn^ (0-74 A) ion is larger than the Fe^ (0-64 A) ion, 
the overlap and strength of the t-o bond is expected to be greater for ZnFe 204 than say 
for Fe 304 . We would therefore expect that the increased covalency in the bond would 
more than compensate for the decrease in the electrostatic energy due to the change for 
3+ and 2+ state of the metal ion. Further each of the two broad bands showed 
asymmetry in the line shape. Waldron (1955) has also reported the presence of low as 
well as high frequency shoulders in his observations. We have analysed them 
as additional vibrational modes of the system. The ir frequencies are given in tables 1 
and 2 . 


2, Experimental 

The samples were prepared using the normal conventional ceramic technique. All the 
samples had densities higher than 97 % of their x-ray density. The x-ray analysis showed 
a single phase and a spinel structure. 
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the force constant between Fe^ and ^ more. Hence we expect an increase in the 
bond stretching £" phonon mode, frequencies as we go from normal to inverse spinels. 
This is supported by our results on Zni_jpNiJFe 204 in which we find that v(E®) 
increase as x is increased and the others and £* do not change with the type of 
spinel structure, giVen in table 2. 

4. Conclusions 

IR spectrum of spinel ferrites in the range of200-1000 cm “ ^ consists four bands. These 
bands have been assigned on the basis of £ and T 2 phonon symmetries around the 
crystallographic metal ion sites, A and J5. On gradual change from normal to inverse 
spinel structure only one of the bands is affected as expected. 
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exchange interaction in rare earth garnets 
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Abstract. The exchange constants observed in the rare earth iron garnets, obtained from 
fitting magnetization and paramagnetic susceptibility as a function of temperature have been 
analysed in terms of Anderson's theory of superexchange. The transfer integrals and co valency 
parameters have been obtained for various rare earth ions overlapping with oxygen. 
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molecular field constants. 


1. IntroductioD 

In an earlier paper (Srivastava et al 1982) we had reported the simultaneous fitting of 
saturation magnetisation (M,) and paramagnetic susceptibility (x) for the ferrimagnetic 
garnets RaFejOii where R is yttrium or a trivalent rare earth ion with configuration 
{Xe) 4/" (7 ^ n < 13). We had used the molecular field constants to determine the 
exchange constants by means of the equation 

, a) 

where Qj are the g factors of the sublattices i and 7 , are the molecule field 
constants, rij is the number of j ions per unit mole and Zy is the number of n — nj ions to 
an ion on zth sublattice. But if one of the ions involved is a rare earth ion then (1) is not 
the correct expression to convert the molecu^ field constants to Jy. This is because for 
the rare earths the orbital momentum is not quenched and hence the exchange energy is 

E,=-2njZijJijigi-l)7t-'Sj. 

Here, we have assumed that the fth ion is a rare earth and the factor (^i 1) comes 

because the rare earth spin has to be projected on J, the angular momentum. In terms of 
A,j, £( is given by 

= -njgtgjtilrijkij J, Sj 
From (2) and (3) we get 

J _ (4) 

2Zy(g,-l)’ 
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exchange we get for a/" —superexchange interaction 



(6a) 

(6b) 


The values of the coulomb energy can be estimated by a procedure used by Anderson 
(1959) to evaluate U for the 3d series transition metal ions. Talcing the free ion 
ionisation potential (ip) for these ions we find that Le. the difference between the 

4th and 3rd ip gives the free ion U. This has to be corrected in the solid. Firstly the 
transfer of electrons take place through a finite distance and not to infinity as is the case 
for calculating ip. Anderson estimated this correction to be 4eV for 3d electrons. We 
shall assume the same correction for ions. The next correction is the dielectric 
polarisation correction because the coulomb repulsion takes place in a dielectric 
medium and not in vacuum. This gives another correction of 4eV. Finally because of 
covalency another 10% correction is required. Using the ip calculated by Sugar and 
Reader (1973) and using the above method we get 17 = 10eV± 1 eV for all the rare 
earth ions except Gd^ as shown in table 2. Since the ground state of Gd^ is 5d^f^ and 

not/®, the U value for Gd will reduce if the correct ip for 4/^-transition is taken 

Hence we can assume U = 10 eV for all the heavy rare earths. Using (4) instead of (1) as 
was used in our earlier work (Srivastava et al 1982) to get the correct values of Jy we 
have obtained the values of and using (7) for all these garnets which are given in 
table 3. In table 3 we also give the distance of closest approach of the rare earth and 
oxygen orbitals 


..-1 rR^-{r(R^'') + r{0^ )) 

r(ll^+) + r(0^-) 


The values of r(R^'*'), r(0^ ) are from Tch6ou et al (1970), Khattak and Yang 
(1979) and CRC handbook (1980) respectively. Figure 1 gives a plot of b^ against 
for both bl^ and This curve resembles the curve obtained by Slater (1953) for 
metals. However, b does not show the peak in the observed region of overlap. Yb does 
not fit in the above scheme because as shown by Copland (1970) the 5p shell plays a 


Table 2. Coulomb energy U (eV) for rare earth ions. 


Ion 

Ionisation potential (eV) 

Free ion 

f/ = U-h 

(eV) 

Corrected U 
(eV) 

Covalency 

correction 

(10%) 

Corrected U 
in solid 
(eV) 

Gd 

20-63 

44-01 

23-78 

15-38 

1-54 

13-84 

Tb 

21-91 

39*79 

12-88 

9*88 

0-99 

8-89 

Dy 

22-79 

41-47 

18-68 

10-68 

1-07 

9-61 

\ 

22-84 

42-48 

19-64 

11*68 

1-17 

10-57 

Er 

22-74 

42-65 

19-91 

11-91 

1-19 

10-92 

Tm 

23-68 

42-69 

19-01 

11-01 

1-10 

9-91 

Yb 

25*03 

43-74 

18-71 

10-71 

1-07 

9-64 


The correction for fi ~n and dielectric polarization was 8 in all the cases. 
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Table 4. Covalency parametets and transfer integrals in garnets. 



Type of 

Transfer 

Value of 


A. 

A. 


exchange 

integral 

b*(eV) 

(Fe’*-0»-) 

(Fe^+-0*-) 

(R>+.0‘-) 


Jc4 

b.. 

0-48 

024 



Fe® + 


b„ 

018 


014 




b„. 

012 

012 




•^dd 

b„ 

030 

0*25 

014 


Gd*+ 


b„ 

0-095 


014 

0078 

Js, 

b„ 

016 

025 


008 

Tb’ + 


b„ 

013 


014 

0107 

Aic 

b„ 

017 

025 


008 

Dy3 + 

•/« 

b„ 

021 


014 

017 

Jdc 

b„ 

021 

025 


0098 

HO^ + 

Jac 

b„ 

020 


014 

016 


b„ 

020 

0*25 


0.094 

Er® + 


b„ 

020 


014 

017 

Jsc 

b„ 

022 

025 


0105 

Tm*+ 


b„ 

0-20 


014 

016 


b„ 

024 

025 


on 

Yb3 + 


b„ 

1-07 


014 

08 


b,. 

015 

025 


0-07 


exchange we have 

b„ = A,(Fe^+)A,(Fe^^)A£, 

6„ = A,(Fe3+)A,(Fe’^)A£, (7) 

b„ = A.(Fe^+)A,(Fe^+)A£. 
b„. = A.(Fe^+)A^(Fe^+)A£, 

For Fe^"*" exchange we have 

b^= A,(R»+)A.(Fe^+)A£. 
fc„ = A,(R^+)A,{Fe»+)A£, 

The electron affinity of oxygen is — 1.47eV and for 0~ it is 7-2eV so that 
A£, = 8-67 eV. Using this in (7) and (8) we obtain the A values which are listed in 
table 4. 

We observe that A, > A, for Fe^ ^ exchange as expected from chemical bond theory. 
Also A, values for the rare earth ions are generally lower than that for the Fe^ bonds. 
This also agrees with the chemical theory of covalent bonds where it is known that the 
covalent bonds involving the 3d orbitals are stronger than those involving the 4/ 
orbitals. 
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Abstract. A technique suitable for the measurement of electrical properties of hlms/sheets at 
microwave frequencies has been described. Groups of materials are identified for which the 
absence of any kind of electrodes in these microwave measurements can be utilised with 
advantage. Results are presented for a variety of materials such as metal films, superionic 
conductors, semiconductors and insulating polymers. 

Keywords. Microwaves; waveguide; dielectric constant; a.c. conductivity. 


1. Introduction 

Knowledge of the electrical properties of films at microwave frequencies is helpful in 
material study and characterization for device fabrication. Thin metal and insulating 
films, for example, are extensively used in microwave integrated circuits. There, it is of 
interest to know the attenuation and phase produced by a particular film and variation 
of these quantities with parameters such as film thickness, temperature etc. Thin semi¬ 
metal and metal films were studied by several workers (Gunn 1967; D’Aiello and 
Freedman 1969; Duggal and Rup 1969; Ramey et al 1970). TTie microwave applications 
of thin metaUic films have also gained importance as exemplified by the use of films as 
microwave mirrors and as large size film reflectors (Korolev and Gridnev 1963). 
Microwave measurements are essential in the above cases. But in many situations 
advantage can be taken of the fact that at microwave frequencies the measurements 
basically are electrodeless and therefore these are recommended to study materials 
which require special type of electrodes. Groups of materials may be identified where 
contacts do pose problems, such as e,g, (i) semi-conductors (ii) fast ion conducting 
solids (iii) membranes and other biological systems. Such materials can be conveniently 
studied at microwave frequencies. 

Section 2 describes few techniques including the one developed earlier (Dube and 
Natarajan 1973), for the measurement of dielectric constant, loss and conductivity of 
films and foils. Finally the results are presented for a variety of films. 


2. Measurement techniques 

The most widely used method for microwave measurements of dielectric parameters 
of solids is the short-circuited line technique of Von Hippel (Von Hippel 1961). 
The technique involves the measurem’Snt of vswr (voltage standing wave ratio 
= JSmax/^min) the Standing waves set-up when the microwaves are totally reflected 
from a short circuit. A dielectric specimen in the form of a small block which completely 
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Figure 2, Electric field distribution in a 
rectangular waveguide in the 
mode. 


Figure 3. Cross-section of a rectangular 
waveguide with specimen. 


methods (Collin 1960), the following dispersion relation is obtained 


where k = colC^ is the free sp&ce propsgEtion vector and to is the angular frequency. 
Equation 1 is a transcendental equation, and its solution can be obtained only 
by graphical methods. For complex dielectric constants, the solution of (1) is very 
difficult even graphically. Therefore, we simplify (1) under the approximation 
< 1, which holds very well in the case of thin fihns; hence using 
e = e,- ie, and P = p,- ip„ we get the following expressions for the real and imaginary 
parts of the complex dielectric constant: 


') + 




aifl3 + ^2^4- 
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Figure 4. Schematic diagram of the experimental set upr 1. Klystron power source; 
2. Frequency meter, 3. Padder attenuator: 4. Ferrite isolator; 5. and 12, Directional couplers; 
6. Calibrated variable phase shifler; 8 and 11 tuners; 9. Variable attenuator; 10. sample 
holder waveguide; 13. Amplifier and meter. 



Figure 5. Schematic diagram of the experimental set-up; 1. Klystron power source; 
2. Frequency meter; 3. Ferrite isolator; 4. Waveguide travelling detector; 5. variable 
attenuator; 6. E-H tuner; 7. sample holder waveguide; 8. movable short; 9. Amplifier and 
meter. 


To Study dielectric parameters as a function of temperature, the guide section 
containing the specimen may be cooled by a low temperature bath around the section 
or may be heated by a cylindrical furnace. 

The other experimental set-up (Dube and Natarajan 1974) is shown in figure 5. This 
is a simpler arrangement and does not require calibrated variable phase shifter and 
attenuator and is as accurate as the first set-up. 

Here the travelling wave detector is used to measure the shift of the voltage minimum 
when the specimen is introduced. Let the specimen length be L cm and the phase shift 
produced be X cm, then phase introduced by the specimen per unit length is 

Thus the total phase constant is given by 

Pr = Po + Pt 

or = 

For measuring the dielectric loss, the vswR is taken with and without the specimen. Let 
these be p, and P 2 ; then 

/■ = ^^ = exp(-a), (4) 

Pi + 1 

and 

r' = ^^ = exp-(a + 2)8,L), (5) 

P2 + I 

where r and K are the reflection coefficients of the system with and without the sample 
and a is the attenuation constant. Hence Pi can be calculated from (4) and (5). 
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Table 3. Comparison of d.c. and a.c. conductivities for three samples of p-silkon 


d.a conductivity 
by four-probe 
technique (Om)~^ 

Microwave conductivity 
from ffg e = Q>8ofl^ 

10.26 

9.79 

15.63 

15.17 

18.35 

17.97 


consistant with the usual expressions For a.c. and d.c. conductivities. 
ne^v 

and 


where m, e, n and v are the mass, charge, concentration and collision frequency of the 
holes in p-silicon. 

The microwave data may also be used to determine other transport parameters of 
silicon. The dielectric constant and conductivity in terms of effective mass m* and 
relaxation time t may be written as 

eom*[l + (coTn’ 
neh 

where is the lattice dielectric constant and Bq is the permittivity of free space. From 
the above two equations, we get 


coe, 

With the present results the relaxation time in silicon comes out to be around 10 T ^ ^ sec, 
which agrees well with the data (ai 10”^^ sec) produced by Blatt (1968). 

The conductivity variations with temperature for p-silicon samples (d.c. resistivities 
10-5,40 and 170 ohm cm) in the temperature range 190-525°K are plotted in figure 6. 
The curves for the three silicon samples exhibit broadly similar characteristics, viz the 
conductivity initially decreases with increase of temperature and later increases very 
rapidly with temperature. This is, of course, expected, considering the relative 
predominance of extrinsic and intrinsic conduction mechanisms. The conductivity of 
the samples (having resistivities 10'5 and 40 ohm-cm) decreases from room temperature 
to 440°K. In this temperature region lattice scattering by acoustical phonons plays the 
dominant role (Blackmore 1969). As the temperature is raised further, the concentra¬ 
tion of free electrons and holes increases and the intrinsic conduction predominates 
thereafter. In the case of the third sample (170 ohm cm, the highest resistivity of all the 
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THICKNESS(Angstrom5) 

FiguK 7. Variation of phase constant as a function of bismuth film thickness. 



THICKNESS(Ang5troms) 


Figure 8. Variation of attenuation constant as a function of bismuth film thickness. 


Table 4. Complex permittivity for thin bismuth films for various thicknesses at 310°K and at 
a frequency of 9*410 GHz. 


Phase shift/ Attenuation/ 

Thickness length length Dielectric parameters (x 10^) 

(angstroms) (degrees) (decibels) e, Ci 



dopings has been shown in figure 10. For iodine content of 10% and above, well- 
defined loss-peak appears at around 90® C in each case. With increasing iodine content, 
the position of loss peak does not change; however, the peak height changes 
considerably. The fact that loss tangent maxima does not change in position but only in 
magnitude with iodine concentration shows that on increasing the doping the number 
of dipoles participating in the orientation process increases, while the frequency of 
orientation remains unchanged. 
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Values reported 
Values converted in literature in 


Packing Observed parameters to 100% density by microwave region 

fraction for pellets correlation formulae (Gebhardt et al 1980) 


/o 

Dielectric 

Conductivity 

Dielectric 

Conductivity 

Dielectric 

Conductivity 


constant 

(Dcm)"^ 

constant 

(ncm)-‘ 

constant 

(Dcm)’^ 

72 

12-0 

0044 

21-74 

0092 



82 

15-4 

0076 

22-30 

0119 

22-00 

1-22 

86 

16'9 

0084 

22-45 

Olio 

92 

19-4 

0088 

22-75 

0116 




and 

O-J = 

where ej, and e" are the dielectric constant and loss factor for the pellet of packing 
fraction 5 and e|„ ej,' are the corresponding parameters for the bulk, is the 
conductivity at angular frequency co. «o is permittivity of free space (= 8-85 
X 10“Fm"^). Various results have been summarised in table 5. It is seen that while 
the deduced dielectric constant data match with experimentally reported value of 22, 
the conductivity results are found reduced by an order of magnitude. This reduction in 
conductivity is attributed to the presence of grain boundaries in the unsintered samples 
used in the above studies. 

In conclusion, it may be said that the microwave technique described is very 
convenient and accurate and can be used to study electrical transport behaviour of 
materials differing widely in characteristics. 
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Surface modiflcation of polyvinyl chloride towards blood compatibility 
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Abstract. The surface modiiication of medical grade polyvinylchloride (pvc) from various 
sources with the ionic bonding of polyelectrolyte is investigated by exposing the pvc sheets to 
1 % zephiran chloride for 10 min and then to 50 mg % solution of polyelectrolyte for 10 min. 
Surface energy and platelet adhesion studies were carried out to demonstrate the suitability of 
our improved surface towards blood compatibility. Relative changes due to y-irradiation are 
also discussed. 

Keywords. Polyvinyl chloride; surface modiiication; blood compatibility 


1. Introduction 

Polyvinylchloride (pvc) with a wide choice of additives and ingradients such as 
plasticizers, fillers, stabilisers etc (Ownes and Read 1979) is being used for various 
biomedical applications. However the surface of the pvc may change depending upon 
the additives used. Since the prosthetic blood interaction is dependent on the nature of 
the surface, various surfaces may behave differently. Therefore, we have attempted in 
this paper to mention the modification of the medical grade pvc from different sources 
using polyelectrolyte towards improved blood compatibility. 

Polyelectrolytes from synthetic poly (cis-1,4 isoprene) possess anticoagulant activity 
(van der Does et al 1979) and have been used for surface modification of polymers 
(Sederel et al 1983). Therefore we have chosen natural rubber, (Source Hevea 
Brasiliensis “Para Rubber”) to obtain the polyelectrolyte for our studies. It seems the 
effect of surface modification with this method is independent of the pvc type and 
therefore appears quite promising for future investigations. 


2. Experimental work 

The PVC sheets of different sources are dipped in 01% soap solution. They are 
thoroughly cleaned with distilled water, finally rinsed with methanol and dried in 
vacuum oven. Polyelectrolyte (synthesised from natural rubber, vran der Does et al 
1979) is ionically bound on the various PVC sheets by first exposing to 1 % Zephiran 
chloride for 10 min and then to polyelectrolyte (50 mgm % in water) for 10 min. The 
bare as well as the polyelectrolyte coated pvc sheets were irradiated at room 
temperature (CO®° gamma source) with a constant dose rate of 0-25 M rad (strength 
843/Rontgen/hr/m) for 4 hr 30 min. 
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Figures 3-4. Change m contact angle with time on pvc surfaces 3. tuta 4. Fenwal. 

vacuum oven. The clotting time for the plasma is determined at 37°C (Austen and 
Rhymes 1975). The results are tabulated in table 2. 

2.2 Platelet adhesion on pvc surfaces: Preparation of platelet suspension 

Washed calf platelets are prepared and suspended in tyrode solution (Sharma and 
Chandy 1982) for adhesion studies. The washed pvc sheets are exposed to platelet 
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It seems when polyelectrolytes are on the surface the material is improved towards 
blood compatibility. Platelet adhesion is relatively less as indicated in table 3. Although 
they are different before modification as indicated by our plasma recalcification time 
(table 2) and the change in contact angle with time (figures 1-4), the contact angle 
becomes relatively more stable and the behaviour of the various pvc sheets becomes 
alike (figures 1-4). After irradiation the effect of polyelectrolyte is no longer obvious as 
shown in figures 1-4. It becomes a part of the pvc structure such that leaching 
components do not have any additional resistance as it was before irradiation. 
Therefore we suggest that pvc surfaces can be improved towards blood compatibility 
like polyelectrolyte as described above, provided the material is already sterilised by y- 
irradiation, since for long term applications ionic bonding of polyelectrolytes with pvc 
surface may not be stable enough. This modification is suggested for all short term 
medical applications of pvc coming in contact with blood such as oxygenators and 
blood bags etc. No adverse change in platelet adherance is observed on modified 
surfaces if autoclaving sterilization (Sharma and Nirmala 1983) is used instead of 
CO®®, y-irradiation. 
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